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1. Introduction 
Supramolecular chemistry may be defined as “chemistry beyond the molecule”, based 
on the organized entities of higher complexity that result from the association of two or more 
chemical species held together by intermolecular forces.(1, 2) This field of chemistry has 
evolved from organic chemistry in which low molecular weight molecules are synthesized. 
The development in supramolecular chemistry is carried out by using all resources of 
molecular chemistry combined with different design of non-covalent interactions to form 
supramolecular associations. So, it can be said that whereas molecular chemistry is all about 
atoms and their covalent bonds, supramolecular chemistry mainly deals with the weaker and 
reversible non-covalent interactions between molecules. Supramolecular chemistry describes 
the area of chemistry where non-covalent interactions substitute the conventional covalent 
bond formation (Fig. 1). Molecular associations have been recognized and studied for a long 
time and the term “Übermolekül”, explicitly, supermolecules was introduced already in the 
mid-1930s.(3) DNA, the well-known natural supramolecular system, results from cooperative 
non-covalent interactions, such as multiple H-bonds and hydrophobic interactions. The 
interest in supramolecular chemistry of polymers is growing. Over the last decades a large 
number of synthetic polymer systems has been developed showing supramolecular 
properties.(2, 4-13) Secondary interactions like H-bonding also have a crucial role in man-
made polymers. The best known example is nylon, where H-bonds occur in the repeat unit 
and play a major role in crystallisation of the material. 
   
 
Fig. 1 Schematic representation of a macromolecule consisting of covalent bonds and a 
supramolecular polymer formed by non-covalent interactions 
 
Applications of supramolecular chemistry can be found in different research fields like 
in materials technology, medicinal chemistry, green chemistry and so on. Besides this, 
nowadays one of the major applications of supramolecular chemistry is the preparation of 
self-healing materials.  
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The development and characterization of self-healing synthetic polymeric materials 
have been inspired by biological systems in which damage triggers an autonomic healing 
response. This is an emerging and fascinating area of research that could significantly extend 
the working life and safety of the polymeric components for a broad range of applications. 
Various self-healing concepts for polymeric materials have been studied over the last 15 years 
which can mainly be divided in two main categories; one is irreversible approach and the 
other is reversible bond formation approach. The second approach can be further divided in 
covalent bond formation and non-covalent bond formation. 
 2. Aim and Objectives 
Among various approaches to self-healing effects, reversible bond formation has 
become prominent in the last years. Particularly the work of Leibler et al. demonstrated 
impressively that H-bonding between simple molecules of low molar masses support the 
formation of moldable mixture with polymeric character.(14) Damaging of these materials 
was restored by reformation of hydrogen bonds. Although the self-healing effect of their 
material was very distinct, there are some doubts concerning the long-term stability of these 
materials. It is reasonable to assume that the creep behaviour of materials based on low 
molecular compounds joined by hydrogen bonds is unfavourable. Therefore to achieve both 
acceptable mechanical performance and self-healing behaviour from a polymeric material, 
proper balance between covalent and non-covalent bonding is important. The covalent 
bonding (slight cross-inking) gives a basic strength to the material while the non-covalent 
bonding generates self-healing effects in the case of damage. Therefore, the major attention 
should be set on the right balance between both these structure and property determining 
influences. 
The major aim of this work is to introduce and investigate the basic principles of self-
healing for cross-linked rubber materials. It combines the synthesis of organic moieties 
capable of forming supramolecular assemblies in the presence of suitable counterparts, 
followed by its incorporation on to the rubber matrix and investigation of the final rubber 
properties. To realize the self-healing characteristics in rubber material, reversible bond 
forming technique like H-bond is exploited. The influence of H-bonds in the direction of 
reinforcement and healing nature in the selected model elastomer (bromobutyl rubber, BIIR) 
was aimed.  
4-hydroxy-2,6-diaminopyridine is selected as the organic moiety as it is able to 
undergo self-association or form triple hydrogen bonded complex with respective 
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counterparts. Initially different derivatives of 4-hydroxy-2,6-diamino pyridine was 
synthesized and utilised towards the formation of supramolecular network with a suitable 
monomeric counterpart. Subsequently, it is grafted onto the backbone of a suitable polymer 
and used to form supramolecular assembly with a polymeric counterpart. All these efforts are 
schemed to see the capability of the H-bonding moiety towards supramolecular network 
formation. Finally the grafting onto rubber matrix is designed and performed in such a way 
that it could be utilised to investigate the self-healing behaviour.  
Initially, poly (butadiene-co-maleic anhydride) is used as the base polymer as it has 
the possibility to introduce non-covalent bonding sites through grafting reactions on the 
double bonds or on maleic anhydride groups. This enables the system to introduce different 
functional groups and to tailor polymer properties according to demands. Like introduction of 
a thiol or an amine group in the 4th-position of 2,6-diaminopyridine moiety would allow to 
bond the compound onto the backbone of poly (butadiene-co-maleic anhydride); either via 
click reaction of thiols on double bonds or grafting of the amines on maleic anhydride group.  
 
 
 
 
 
  
 
  
 
 
 
 
 
 
Scheme:  1 Design of supramolecular assembly within poly (butadiene-co-maleic 
anhydride) with its graphical representation 
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Scheme 1 represents the main design of supramolecular self-assembly within poly (butadiene-
co-maleic anhydride) with a suitable counterpart, which is prepared and used in this thesis.  
In the final part of this work, BIIR is selected as the model elastomer which has vast 
application in the tire industry. Its bromine functionality can be substituted with an amine 
group making it more susceptible towards the incorporation of different organic moieties. In 
this way, the derivative of 2,6-diaminopyridine having a pendant amine group is planned to 
incorporate in the material. As a counterpart uracil is used as its H-bond forming ability with 
diaminopyridine moieties is well established and supported by different previous research 
works. The supramolecular network formed between these two monomers will help to 
generate self-healing effects within BIIR rubber. Scheme 2 represents the supramolecular 
network formed between chains of BIIR.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To reach the above goals, the following outline is made: 
1. Synthesis of a monomer capable of forming multiple H-bonds 
2. Grafting of that monomer to the backbone of a polymer suitable for this approach 
3. Utilisation of the newly prepared material towards formation of supramolecular 
assembly with suitable counter parts (with monomer as well as with polymer) 
4. Incorporation of the previous monomer as well as a suitable monomeric counterpart on 
to a commercially available rubber matrix 
5. Creation of supramolecular network within BIIR rubber 
6. Analysis of self-healing behaviour of the newly prepared rubber material 
N
O
N NN
H
C11H23
O
C11H23
O
H
O
N
NO
H
BIIR
BIIR
BIIR
Scheme:  2 Schematic representation of supramolecular network formed between BIIR 
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3. Literature Survey 
3.1 Supramolecular Chemistry 
 
3.1.1 Basics of Supramolecular Chemistry  
In recent years supramolecular chemistry has established as one of the most active 
fields of science. The existence of intermolecular forces was first postulated by Johannes 
Diderik van der Waals in 1873. However, in 1894, Hermann Emil Fischer suggested the 
philosophical roots to supramolecular chemistry. He suggested that enzyme-substrate 
interactions take the form of a ``lock and key´´, which is the fundamental principle of 
molecular recognition and host-guest chemistry. The breakthrough in this field came in the 
1960s by Cram(13, 15), Lehn(1, 16, 17), and Pedersen(4, 5, 18) with the synthesis of crown 
ethers (Fig. 2). In 1987 their work was awarded the Nobel Prize. Initially, main focus was 
paid on the aggregates or supramolecular assemblies in solution. But, nowadays, the area of 
supramolecular chemistry stretches from molecular recognition in natural and artificial 
complexes to a broader field with many different applications like in new materials, in 
biology, chemical technologies or medicine.  
 
 
Fig. 2 Structures of common crown ethers: 12-crown-4, 15-crown-5, 18-crown-6, dibenzo-
18-crown-6, and diaza-18-crown-6 
 
The most significant feature of supramolecular chemistry is the use of building blocks 
which reversibly held together by intermolecular forces, electrostatic or H-bonding. In 
molecular chemistry the bond formation between atoms takes place by covalent assembly 
which can kinetically or thermodynamically be controlled. However, supramolecular 
chemistry is the understanding and the ability to exploit non-covalent interactions for the 
controlled and reversible assembly of functional entities. Therefore, the synthesis of 
supramolecular systems using different non-covalent assemblies provides some unique 
architectures and features which are extremely difficult to be obtained via covalent synthesis 
(Fig. 3).  
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Fig. 3 Examples of structures designed in supramolecular chemistry 
 
The term “non-covalent” contains a vast range of intermolecular interactions, 
originated from a few attractive and repulsive forces. These are in the order of increasing 
strength (a) Van der Waals forces, (b) pi−pi stacking, (c) H-bonding and (d) electrostatic 
interactions (ion-ion, ion-dipole and dipole-dipole interactions) and coordinative bonding 
(metal-ligand). However, a single interaction is much weaker than a covalent bond, but, 
mutual action of many of such interactions leads to supramolecular entities that are 
thermodynamically and kinetically stable under various conditions.  
The area of supramolecular chemistry is very broad and in this thesis mainly H-bonding is 
employed to make supramolecular assemblies. 
 
3.1.2   H-bonding 
H-bonding occurs between atoms, molecules, ions in the gas, liquid, solid or 
supercritical phases, mainly between a proton donor and a proton acceptor group (DH…A). 
Whereas the donor atom D should be an electronegative atom like O, N, S, P, X (F, Br, Cl, I) 
etc., the acceptor group should have one feature in common: it formally possesses a lone pair 
of electrons in conventional formalisms. In addition, some unusual acceptors are known such 
as transition metals, alkenes and aromatic pi-clouds, all having centres of high electron 
density. Most of the H-bonded donors and acceptors are summarised in Table 1. 
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Table 1: Some hydrogen bond donor and acceptors 
 
Donors Acceptors 
C-H C=C, C≡C, arenes 
N-H N 
P-H P 
O-H O 
S-H S 
F-H F 
Cl-H Cl 
Br-H Br 
I-H I 
 
The strength of H-bond is enormously variable. For neutral molecules, it normally lies 
in the range of 10-65 kJ mol-1 which is greater than that found for van der Waals interactions 
(<8 kJ mol-1 ) but weaker than conventional covalent bonds which have a typical bond 
strength of 350 kJ mol-1. Although the H-bond is not the strongest interaction if we considered 
the formation of supramolecular assembly, but, it is widely used due to its directionality and 
versatility.(11, 19) However, when one component of the H- bond becomes ionic, the range of 
bond strength raises to 40-190 kJ mol-1. The strength of a H- bond depends on the strength of 
the donor and the acceptor atoms, and it can be even as strong as 163 kJ mol-1 like in the case 
of the F-H-F interaction.(20) Also, the strength depends on the environment of the system for 
instance solvent.(21) Supramolecular chemistry is often based on medium strong H-bonds 
between N-H and O-H as donors and C=N and C=O as acceptors. Different types of H- 
bonding system can be found, they can be simple involving only one donor and one acceptor 
group or bifurcated having three centre or trifurcated having four centres. (Fig. 4) 
   
  
 
  nearly linear                   bifurcated donor                  bifurcated acceptor            trifurcated 
Fig. 4 Different types of H-bonding 
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Commonly the binding strength of a H-bonding system can be increased by increasing 
the number of hydrogen bonding groups which can provide multiple H-bond formation (Fig. 
5).(22-24)  
 
Fig. 5 Multiple H-bonding system 
 
Nevertheless, the stability of a supramolecular assembly not only depends on the 
number of H-bonds but also on the arrangement of the donor (D) and acceptors (A) moieties 
and these arrangements play a significant role in the value of the association constant as 
described by Jorgenson and co-workers.(25, 26) Later, this idea was extended by Zimmerman 
et al. by the formation of threefold H-bonding motif. (27) Different types of complexes 
exhibit different binding strength as for example ADA-DAD has an association constant of 
102 M-1 in chloroform whereas DAA-ADD and AAA-DDD complexes exhibit association 
constant of 104 M-1 and 105 to 107 M-1, respectively, in chloroform and when one counterpart 
becomes ionic in nature then a large increase in the association constant ~ 1010 M-1 was 
observed (Fig. 6).(28) Whereas the stabilisation in these complexes results from the 
electrostatic attraction between positively and negatively charged atoms in adjacent H-bonds, 
the destabilisation arises due to the repulsion between two positively or negatively polarized 
atoms. On the other hand when a molecule consists of only donors and the corresponding 
partners only of acceptors, the secondary interactions are favourable, resulting in a much 
stronger hydrogen bonded complex (attractive secondary interactions).  
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Fig. 6 Association constants of threefold H-bonding motifs in chloroform(28) 
 
Changes of solvents are an integral part of H-bonding. In a simple way, it can be said 
that H-bonding is favoured in non-polar organic solvents, while polar solvents lead to 
attractive interactions between non-polar groups.(29) Solvents containing H-bond donor or 
acceptor groups are competitive inhibitors of binding, for instance in a water-saturated 
chloroform environment the H-bonding sites are solvated resulting in a decreased 
aggregation.(30)  
 
3.2   Supramolecular polymers 
 
3.2.1 Classification of Supramolecular Polymers 
Over the past two decades, the field of supramolecular polymer chemistry has 
developed from a curiosity to a mature area of polymer science,(31-39) from the academia to 
the industry.(40) This large attention for supramolecular polymers arises mainly due to their 
tuneable thermal and mechanical properties combined with a highly dynamic and reversible 
character.(41-44) Innovative materials with unique properties can be prepared with 
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applications in bio-systems,(45-47) as self-healing materials,(40, 48-53) hydrogels(54-57) and 
in optoelectronic devices.(58-60)  
In general, three types of supramolecular polymers can be prepared such as main-
chain, side-chain, branched or cross-linked. This variety depends on number and disposition 
of the subunits. Main-chain supramolecular polymers can be homopolymers or random 
copolymers. Side-chain supramolecular polymers are formed when molecules with a single 
interacting group are attached to complementary groups on the main chain of a traditional 
covalent polymer. When components for the preparation of supramolecular polymers contain 
three or more equivalent recognition groups and are mixed with linear associating species 
then branched (two-dimensional) and three-dimensional or cross-linked (networks, physical 
gels) supramolecular polymers are obtained (Fig. 7)(61, 62)  
 
 
Fig. 7 Schematic representation of main-chain, side-chain, branched and cross-linked 
supramolecular polymers(62) 
 
Further the supramolecular polymers can be divided into three categories depending 
on the type of intermolecular interaction. The three main classes are polymers by pi-pi 
stacking, coordination polymers, and H-bonded polymers.(63), (7, 34, 36)  Supramolecular 
polymers by pi-pi stacking are formed in solution and are highly ordered. One popular example 
is a discotic liquid crystalline polymer, which may be generated by the initial formation of 
disc like supermolecules. (36) It exhibits relatively poor mechanical properties, but, high 
electronic stability which makes it suitable for plastic transistors and photovoltaics. 
Coordination polymers consist of monomeric components having metal ion binding subunits. 
Though their potential magnetic, electronic or photonic properties make them interesting, they 
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lack on flexibility and behave similar like covalent molecules. In addition, the coordination 
bonds can be dissociated by dissolving it in a strongly coordinating solvent. (7) H-bonded 
polymers have single or multiple H-bonds. (7, 22, 36, 64-66) For example, by using a 
quadruple H-bonded self-complementary unit (ureidopyrimidone) it was possible to prepare 
supramolecular polymers (linear (66), networks (65)) displaying most of the macroscopic 
properties of conventional covalent polymers (Fig. 8). Polymeric complexes of main-chain, 
side-chain, combined, and network structures have been prepared by the formation of single 
or multiple H-bonds. (22, 36, 67, 68) 
 
Fig. 8 Supramolecular hydrogen-bonded polymers via quadruple H-bonds(65) 
 
As stated earlier, side-chain supramolecular polymers are one of the main classes of 
supramolecular polymers, i.e. non-covalent interactions are used to either change or 
functionalize polymers in a highly controlled fashion. Responsive properties were 
incorporated within supramolecular polymers which can be tuned by outer factors like 
temperature, solvent and pressure.(40) Advantage of using secondary interactions to increase 
the “virtual” molecular weight is that these materials would exhibit good mechanical 
properties at low temperatures, but, would have a low melt viscosity at high temperatures. 
Over the last 10 years this concept has been used. The most common non-covalent interaction 
that has been used for the preparation of side-chain supramolecular polymers is hydrogen 
bonding. In the early 1990s, the first non-covalently functionalised side-chain supramolecular 
polymers using H-bonding were reported by Fréchet et al.(69-86) They used H-bonding to 
attach non-covalently liquid crystalline mesogens onto polymer backbones including 
poly(siloxane)s and poly(arcylate)s (Fig. 9).(87)  
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Fig. 9 Examples of side-chain liquid crystalline polymeric materials based on H-bonding 
reported by Fréchet and Kato(87). 
 
Frechet and co-workers were able to form a variety of liquid crystalline mesophases 
through small variations of the mesogen and/or the polymeric backbone.(79) In all reported 
cases, the H-bonding interaction was limited to one or two H-bonds per mesogen. While the 
resulting non-covalent bond was very weak, this system clearly demonstrated the potential of 
non-covalent interactions as an important tool in polymer science.  
Ros and co-workers reported the synthesis of H-bonded bent-core side-chain liquid crystalline 
polymers via a self-assembly approach.(88) They showed two distinct synthetic pathways; 
one is the non-covalent functionalisation of polymer backbones via H-bonding, second is the 
pre-polymerization assembly of the mesogen with the monomer followed by the photo 
polymerization of the self-assembled mesogen/monomer complex. Polymeric materials with 
similar liquid crystalline behaviour were obtained in both cases, thus demonstrating the 
versatility of H-bonding as a functionalisation and templating tool.  
Importance of H-bonded side-chain functionalized polymers has shifted to recognition 
motifs that are either used in nature (such as guanine and cytosine) or are closely related to 
natural H-bonding pairs (thymine and diaminopyridine). In general, these recognition pairs 
are able to undergo three H-bonds resulting in significantly stronger non-covalent 
interactions. The most significant contribution came from the Rotello group. Since the late 
1990s, the research group of Vince Rotello was working on their `plug and play polymers´ 
13 
 
strategy by the synthesis of triazine- or diaminopyridine containing side-chain polymers and 
their subsequent functionalization via H-bonding.(73, 89-114) 
  
 
Fig. 10 Self-assembly of the diaminopyridine functionalized poly(styrene) with flavin and 
thiolcoated gold; Plug and Play Polymers’ by Rotello group(87) 
 
They have prepared fully functionalized copolymers using polystyrene copolymers 
containing randomly dispersed chloromethylstyrenes along the polymer backbone which 
served as functional handles and were reacted with recognition motif precursors. These 
copolymers could then be functionalised non-covalently using H-bonding. They demonstrated 
this concept by self-assembling flavin, (91),(42, 93, 98, 99, 103, 106, 107) thymine derivatives,(110) 
cross-linking agents(113) or inorganic/organic hybrid materials(94) onto these polymers. Fig. 
10 describes the Rotello ‘plug and play’ strategy. They established the need of H-bonding 
motifs for the side-chain functionalisation of supramolecular polymers. 
Weck et al. have prepared norbornene monomers and studied the effect of H-bonding 
and the behaviour of fully functionalised polymers from them. They established basic design 
principles that allowed polymerization of these monomers in a living fashion.(115) This 
concept of side-chain functionalisation has the potential to overcome some of the drawbacks 
of covalent copolymer synthesis including reagent compatibility and lengthy synthesis.  
Cross-linked supramolecular polymer networks are a class of three-dimensional 
structures of macromolecules which are connected by non-covalent interactions, such as 
hydrogen bonding, metal–ligand interactions, and ionic interactions. Besides retaining the 
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properties of covalently cross-linked polymer networks, they can also exhibit fascinating 
capabilities of stimuli-responsiveness, shape-memory and self-healing(116-118), which make 
them useful for applications in materials science and medicine. Cross-linked supramolecular 
polymers can be prepared via the introduction of molecular monomers bearing more than two 
organic or metal ion binding subunits. Such compounds afford links between chains in a way 
directed by the nature of the interacting groups. Fig. 11 represents the schematic diagram of 
cross-linked components of organic and inorganic types. For example, diaminotriazinone 
which possesses three different hydrogen bonding faces DAA, ADD and DAD. So uses of 
components having multiple recognition groups allow the development of supramolecular 
species having desired architecture.  
 
 
Fig. 11 Schematic representation of supramolecular cross-linking agents of 
organic and inorganic types(37) 
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Several strategies for constructing cross-linked supramolecular networks have been developed 
during the past decade among which introduction of molecular monomers bearing host–guest 
interactions have attracted increasing interest for their reversible stimuli responsiveness, 
diverse binding selectivities and precise control over macroscopic material properties.(119, 
120) In recent works, Ritter and co-workers(121) reported the preparation of cross-linked 
supramolecular networks via host–guest interactions between cyclodextrin dimers and 
adamantyl-containing copolymers. Recently, Scherman and co-workers(122) fabricated cross-
linked supramolecular polymer networks based on the 1:1:1 ternary host–guest complexation 
between cucurbit[8]uril and two different kinds of guests with controllable microstructure and 
thermal reversibility properties. (Fig.12) 
 
 
 
Fig. 12 Crosslinked supramolecular network preparation through addition of 
cucurbit[8]uril(122) 
3.3 Characterisation techniques of Supramolecular Polymers 
Supramolecular polymers have a wide range of novel properties, such as reversibility 
and responses to stimuli. However, standard techniques for the characterisation of 
supramolecular polymers have yet to be established. The dynamic nature of supramolecular 
polymers makes them difficult to be fully characterised using conventional polymer 
characterising techniques. There are several methods to characterise the supramolecular 
polymer chain itself. However, some of the methods can be used to study the self-assembled 
state formed by supramolecular polymers. Every method has its own advantages and 
disadvantages. The characterisation of a supramolecular polymer cannot be realised with a 
single method; a convincing conclusion relies on the combination of several different 
techniques. 
 
3.3.1 NMR Spectroscopy 
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Host-guest interaction based supramolecular polymers can be characterised by NMR 
spectroscopy. Due to this type of interaction as well as with the complex formation a 
significant change in chemical shift (∆δ) occurred(123) (Fig. 13). A concentration dependent 
NMR is performed and with the increase of monomer concentration, the NMR peaks become 
more and more broad, indicating the formation of supramolecular polymers.(124, 125)   
Nowadays, diffusion ordered 1H NMR spectroscopy (DOSY) is becoming popular for 
the characterisation.(126-131) The sizes of supramolecular polymers can be qualitatively 
compared using their corresponding diffusion coefficients. Normally a significant decrease of 
the diffusion coefficient with increasing concentration is observed which implies the 
formation of large polymeric aggregates at the higher concentration. 
 
 
 
Fig. 13 Partial 1H NMR spectra of a supramolecular system in different concentration ratio 
in CDCl3 at room temperature(123) 
 
Wang et al. prepared a quadruple hydrogen bonded linear supramolecular polymer and 
then cross-linked it into networks via bis-paraquat molecules.(130) The DOSY results showed 
a gradual decrease in diffusion coefficient with the increase of monomer concentration, which 
suggests that longer supramolecular polymers were formed. 
 
3.3.2 Viscometry 
In the field of supramolecular polymers, in most cases, the viscometry methods are 
used to study supramolecular polymerisation in a quantitative manner. (132-135) One of the 
common uses is to deduce the critical polymerization concentration (CPC) of the 
supramolecular polymerization. Gibson and Huang et al. performed ring-chain 
supramolecular polymerisation by using a homoditopic crown ether derivative and a 
homoditopic bis-paraquat derivative (Fig. 14). As shown in the concentration-dependent 
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viscosity log-log plot, a slope of 1.02 in the low concentration regime and a slope of 2.08 at 
high concentration were found, which gave a CPC of 80 mM. Below the CPC, cyclic species 
dominate, and above the CPC, linear supramolecular polymers are favoured. (133) 
 
 
 
Fig. 14 Schematic illustration of the ring-chain supramolecular polymerisation and the 
specific viscosity-concentration plot(133) 
 
 
3.3.3 IR spectroscopy 
Similar to NMR spectroscopy, IR is also a helping tool to determine host-guest 
interactions in supramolecular polymers. For many supramolecular systems a shift in the 
absorption band during complexation or changes in the intensity of bands due to heating was 
observed.(14, 123, 136) Liu et al. has reported one supramolecular system based on a 
[60]fullerene derivative with perylene bisimide where a shift in the NH stretching band was 
observed after complexation.(136) Leibler et al. has described the formation of self-healing 
rubber based on a supramolecular assembly. In their case, clear changes in the intensity of the 
bands were observed with gradual heating or cooling of the sample (Fig. 15).(14) 
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Fig. 15 a) IR spectra showing the shift of absorption bands b) changes in the intensity of 
bands due to formation of a supramolecular assembly(14) 
 
3.3.4 Light scattering 
Light scattering is a well-established method in determining the molecular weight of 
the samples. Two methods are commonly used: static light scattering (SLS) and dynamic light 
scattering (DLS). SLS is extensively used in polymer science to measure the molar mass. For 
covalent polymers that form no aggregates, the plots are linear. However, in the case of 
supramolecular polymers, non-linear plots appear because of the molar mass evolution with 
concentration. Ma and Li reported a SLS experiment of a multivalency-based supramolecular 
copolymer formed by coordination of pyridines and zinc-porphyrins. It showed the average 
molecular weight of the supramolecular copolymers in toluene is more than 4.2×106 g mol-1, 
which corresponds to a copolymerization degree higher than 459.(137) 
DLS has been used to determine the size distribution of small particles and aggregates. The 
information about size distribution of aggregates that are formed in supramolecular polymers 
can be obtained from DLS measurements. Park et al. have prepared a supramolecular network 
polymer from a pair of immiscible polymers, poly(butyl)- methacrylate (PBMA) and 
polystyrene (PS). Their DLS results suggest a lower degree and homogeneous distribution of 
aggregates at lower concentrations whereas with increasing concentration larger aggregates 
are formed which lead to viscous solutions with larger heterogeneous particle 
distribution.(138) Weck and co-workers reported a supramolecular alternating block 
copolymer based on coordination between Pd and pyridines. Their DLS data clearly showed 
that adding AgBF4, which facilitates the supramolecular polymerization, can lead to a 
significant increase in particle size.(139) 
a) b) 
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3.4 Application of Supramolecular polymers 
 
3.4.1 General Applications 
 
Over the last 25 years supramolecular chemistry came into notice by synthetic 
chemists and they have been inspired by the reversible, intermolecular processes in nature. 
Now a day, our lives were revolutionised by different applications of polymers due to their 
exceptional mechanical properties, affordable price and easy processability. Smart polymers 
which respond to the changes of temperature and solvents increased the field of applications 
further. Some of these polymers are already in commercial use because of their reversibility 
and responsiveness of non-covalent interactions which is the key of their responsiveness.  
Applications of supramolecular architectures are ranging from adhesives,(140) printing,(141-
145) cosmetics,(146, 147) personal care(148) to coatings(149). Their compatibility with 
polymeric systems, ease of synthesis, intrinsic reversibility makes them easily removable and 
applicable to different fields. 
Printing plates: The solubility of polymer coatings increases with heating and this idea 
was applied in printing plates which are used in lithographic printing processes. In a patent 
application filed by Kodak Polychrome Graphics the use of this application has been 
reported.(143) In this work, a thermally imageable, positive-working printing plate is 
disclosed that makes use of a supramolecular polymer as a thermally sensitive coating. The 
polymers used are obtained by reacting polyfunctional resins (phenolic, acrylic, or polyester) 
with isocyanate functional UPy. 
Ink-jet inks: The dramatic differences in phase behaviour of supramolecular polymers 
in a relatively narrow temperature range can be used in ink-jet printing. In this application, 
images are created on a substrate (i.e. paper) by the ejection of ink droplets through a small 
orifice. The ink should have low viscosity when ejected in a paper in small droplets as well as 
it needs to be highly viscous to restrict the spreading through the capillary action of the paper. 
Supramolecular polymers are used as binders in ink compositions. Xerox has two patents, one 
of which relates to hot-melt inks(147), consisting of a colorant and a binder. At temperatures 
below 50ºC these inks are solid and at 160ºC a liquid with a viscosity of around 20 cps was 
obtained. The binder is a multifunctional low molecular weight compound that has been 
functionalized with two to five UPy groups, resulting in polyether compounds that form 
supramolecular networks. In another work(146), aqueous based inks are formulated with 
supramolecular polymers.  
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Polymerisation-induced phase separation (PIPS): The dynamic flexibility of 
supramolecular polymers was used in PIPS. In PIPS, a polymer was dissolved in a reactive 
monomer, which consequently polymerized to cause phase separation, resulting in two 
polymeric phases with certain morphology (Fig. 16). PIPS is currently used to produce 
multiphase composite materials like high-impact polystyrene, avoiding the use of solvent and 
consequently resulting in fast and clean production of polymeric materials. Keizer et al. 
exploited this PIPS with H-bonded supramolecular polymers.(150) They have reported the 
PIPS of solutions of H-bonded supramolecular polymers in acrylates, within the short reaction 
times (0.3 s) used in UV-curing. The cured films are colourless, transparent, flexible, and 
showed macrophase separation in secondary electron microscopy. Moreover, their mechanical 
behaviour is comparable to high molecular weight polymers.  
 
 
Fig. 16 Schematic representation of PIPS using H-bonded supramolecular polymers(151) 
 
Apart from all the above uses, presently, this field of research is breeding several 
technologically significant applications. Reversibility in the bonding placed supramolecular 
polymers under thermodynamic equilibrium and their properties can be adjusted by external 
stimuli. One main application of such influencing polymers is the preparation of self-healing 
materials. 
 
3.4.2 Self-healing materials 
Self-healing materials are a class of smart materials that have the structurally 
incorporated ability to repair damages caused by mechanical usage over time which is 
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inspired by biological systems having ability to heal after being wounded. Structural 
polymeric materials having self-healing ability are suitable for many long-term applications 
since the micro or macro-cracks unavoidably generated during service can be healed or 
repaired without manual intervention. Self-healing behaviours of materials have been 
intensely explored over the past few years both in academia and industry. Till date, several 
approaches based on irreversible and reversible systems have been adopted and implemented 
to introduce self-healing ability within the polymeric materials. Reversible systems have been 
based on either covalent interactions, such as Diels-Alder (DA) and retro Diels-Alder (RDA) 
processes, or non-covalent interactions such as H-bonding or π–π stacking.  
It is really meaningful to start with irreversible systems, since these were the first 
developed approaches for self-healing. Irreversible systems include some popular methods 
such as encapsulation, hollow glass fibres(152, 153) , microvascular systems(154, 155), 
nanoreservoirs(156) etc. Among them, encapsulation approaches were most successful and 
commonly practiced. Therefore, this approach will be expressively reviewed in the following. 
The encapsulation approach is one of the most commonly studied self-healing concepts. This 
approach comprises an introduction of microcapsules containing a healing agent which 
polymerizes upon release from the microcapsules in case of cracks or deformations.(Fig. 17)   
This approach has a great potential for the healing of internally generated micro-cracks. The 
first work based on the microencapsulation approach of self-healing was reported by White et 
al.(157) They have embedded a microencapsulated healing agent known as dicyclopentadiene 
(DCPD) monomer and a solid phase Grubbs catalyst in an epoxy matrix. The matrix used to 
store the monomer microcapsules comprised of bisphenol based epoxide and 
diethylenetriamine (12:100) as curing agent. The Grubbs catalyst used was a 
bis(tricyclohexylphosphine) benzylidine ruthenium (IV) dichloride, and this was embedded in 
wax microspheres that are solubilised by the DCPD. Healing was triggered by crack 
propagation through the microcapsules, which afterwards released the healing agent into the 
crack plane. Subsequent exposure of the healing agent to the catalyst initiated ring opening 
metathesis polymerization (ROMP) of DCPD and healed the crack faces. Autonomic healing 
at room temperature yields as much as 45% recovery of virgin interlaminar fracture 
toughness, while healing at 80 °C increases the recovery to over 80%. 
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Fig. 17 Examples of self-healing thermosets microcapsules with reactive monomer 
embedded in a thermoset matrix. 
 
Later on a similar approach with identical healing system was used to fabricate self-
healing structural composite materials.(158, 159) Mauldin et al. have found that exo isomers 
can undergo faster polymerization both in solution and bulk compared to its endo form. White 
et al., have used endo-dicyclopentadiene. It is assumed that steric interactions are the primary 
cause of this difference in reactivity rates between the two isomers.  
Although this process is good to heal micro-cracks, it fails to repair a macroscopic cut 
in the material. Additionally, the irreversible nature of the healing mechanism is a constraint 
for this self-healing technique. If a repeat-fracture occurs, the material is then incapable to re-
heal because the healing agent has already been consumed during repair of the initial break. 
However, there are few other shortcomings such as catalyst availability, cost, environmental 
toxicity, stability, and materials processing etc. which motivated themselves to develop a 
rather simpler approach of self-healing based on microencapsulated solvents(160). In this 
work different solvents were encapsulated with urea-formaldehyde (UF) resin and 
subsequently embedded into the epoxy matrix. This autonomic self-healing system recovered 
82% of the materials' original fracture toughness. Later on, White et al. also developed a 2nd 
generation healing materials based on the tin-catalysed polycondensation of phase-separated 
droplets containing hydroxyl end-functionalised polydimethylsiloxane (HOPDMS) and 
polydiethoxysiloxane (PDES)(161). Such microencapsulation approach has been extended to 
other matrix materials and healing chemistries.(162-164) Yin et al. have synthesised a two-
component healing system consisting of urea-formaldehyde microcapsules containing epoxy 
and CuBr2(2-MeIm)4 (the complex of CuBr2 and 2-methylimidazole) as a latent hardener. 
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They have used an epoxy resin as matrix. Fracture toughness of the healed epoxy specimens 
and the corresponding healing efficiency was closely related to the contents of the healing 
agent and the latent curing agent. 68% recovery of the virgin interlaminar fracture toughness 
preliminarily showed the prospect of such type of self-healing system. Most of the earlier self-
healing materials prepared and reported are irreversible systems. Their applications are 
limited which is discussed in the above section and sometimes involve relatively complex 
methods. On the other hand, reversible systems are capable of undergoing multiple repair 
cycles even upon damage at the identical site. These entail an external impetus, and as a 
consequence do not undergo repair autonomously. In general, a wide range of reversible 
systems are being adopted by various scientists both in academia and industry which includes 
H-bonding, thermo-responsive Diels–Alder reaction, π-π stacking etc. Under the reversible 
systems, covalent and non-covalent bond formation has been utilized. 
In these systems with reversible bond formation, the bulk polymer contains covalent 
cross-links which are designed to undergo well-defined and fully-reversible bond breaking 
and bond forming reactions during healing. As a consequence, within the healed zone the 
material can be chemically identical to that of the bulk polymer. The pioneer study in this 
field was done by Stevens and Jenkins, which produced a thermally-reversible polymer 
network employing a Diels-Alder reaction.(165) The development of a transparent polymeric 
material cross-linked by reactions of furan as diene and maleimide as dienophile units was 
reported by Wudl et al.(166) (Scheme 3) 
 
 
Scheme:  3 Reversibly crosslinked, furan-maleimide-based, healable polymer network  
reported by Wudl and co-workers.(166) 
 
Utilising the reversible nature of Diels-Alder reactions, they successfully created 
thermally healable polymers. In their system, reheating of the sample up to 120 °C or even 
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more under an inert atmosphere for 2 hours followed by cooling to room temperature, enabled 
reformation of new covalent bonds via [4+2] cycloaddition reactions withb healing of the 
fractured material. This methodology resulted in a material which showed a healing efficiency 
of 57%. (Fig.18) With the incorporation of a bis-dienophile the healing efficiencies were 
subsequently improved to 87%. 
 
 
Fig. 18 Load-displacement curves demonstrating the comparison of healed and original 
crosslinked polymers(166) 
 
Liu and Hsieh have reported a healable system using the reversible Diels-Alder 
reaction between tris-maleimide and tris-furan.(167) In 2009, Broekhuis et al. reported(168) a 
polyketone bearing pendant furan groups that could be crosslinked via Diels-Alder 
cycloaddition with a bis-maleimide to afford a novel recyclable network. Chung et al. has 
described the synthesis of a PMMA monolith with cyclobutanediyl crosslinks,(169) which 
were induced by the reversible [2+2] cycloaddition between the cinnamoyl groups to produce 
the photochemically healable polymer. Reversible photochemical cleavage of allyl sulfide 
linkages can also be used as an alternative to the reversible Diels-Alder reaction. 
Self-healing in polymeric or elastomeric materials via non-covalent especially H-bond 
formation has attracted an enormous attention during the last years. In general, the binding 
energy of covalent bonds is relatively high (30-130 kJmol-1) compared to non-covalent bonds 
(2-20 kJmol-1)(170). Consequently, a relatively high amount of energy is required to break 
and repair covalent bonds. Many efforts were paid by Meijer and Sijbesma et al., to 
synthesize and characterize supramolecular polymers from telechelic monomers via H-bonds.  
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Fig. 19 Different tautomeric forms of 6[1H]-pyrimidinone monomer 
 
Subsequently, the formation of exceptionally stable DDAA (donor-donor-acceptor-
acceptor) dimers of a simple ureidopyrimidinone (Upy) derivative was reported. They 
documented that Upy might exist as dimers of 4[1H]-pyrimidinone and pyrimidinol 
tautomeric forms following a stable dimerisation of the linear array of four H-bonds (Fig. 19). 
Dimerisation is possible via both DDAA and DADA (donor-acceptor-donor-acceptor). These 
units were further introduced in various polymer backbones in order to prepare completely 
new materials with adaptable properties(171, 172). Monofunctional and telechelic UPy-
functionalised poly(styrene)s and poly(methyl methacrylate)s were synthesised using atom 
transfer radical polymerization (ATRP) followed by atom transfer radical coupling (ATRC). 
Stadler et al. have modified narrow molecular weight polybutadiene (PBD) by 4-pheny1-
l,2,4-triazolidine-3,5-dione (urazole) groups which is capable of forming H-bond to alter 
different physical properties of the pristine PBDs. Modified PBDs show, for instance, a 
broadening of the rubbery plateau  region and an enhancement of the zero-shear viscosity 
which is attributed to  the formation of two H-bonds between a pair  of urazole groups. (Fig. 
20) 
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Fig. 20 a) 4-Phenyl-1,2,4-triazolidine-3,5-dione group, b) 4-urazoylbenzoic acid group, c) 
hydrogen bonding between two urazole groups, d) phase separation of 4-urazoylbenzoic 
acid groups due to additional hydrogen bonding between carboxylic acid groups. 
 
One breakthrough in the field of self-healing materials was the work of Leibler et al. 
where they prepared a thermoplastic elastomer having self-healing property. Their system 
consists of dimer and trimer fatty acids produced from vegetable oils which were reacted with 
diethylene triamine and subsequently with urea (Fig. 21).  
 
 
Fig. 21 Schematic representation and molecular structures of the materials used in 
Leibler’s self-healing rubber(51) 
 
If a sample is cut or ripped into two parts, the fragments can recover their original 
strength when the cut surfaces are merely brought into contact and pressed against each other. 
The reason behind this is the availability of a large number of non-associated groups near the 
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fractured surface which are ready to link via H-bonding. Tensile tests of this sample showed 
elongations at break of more than 500% which is characteristic of a soft rubber. (Fig. 22) 
 
 
 
Very recently, Yang et al. have synthesised one supramolecular elastomer based on a 
two-step reaction of linear carboxyl-terminated polydimethylsiloxane oligomers (PDMS-
COOH) with diethylenetriamine (DETA) and urea. Interestingly, reasonable hysteresis and 
acceptable self-healing properties were documented.(173)  
 
 
Fig. 23Changes in the peak positions of the N–H stretching vibration (νN–H), C=O 
stretching vibration (νC=O) and N–H in-plane bending vibration (δN–H)(173)with 
temperature 
 
Fig. 22 Stress strain experiment of Leibler´s material showing self-healing at room 
temperature depending on the mending time(51)   
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The H-bonds formed by 1,1-dialkylurea groups and imidazolidone derivatives serve as 
effective crosslinks  which contribute to the stability of the supramolecular network which 
was proved by temperature dependent IR spectra. (Fig. 23) 
3.5 Substituted 2,6-diamino pyridine 
The ease of 2,6-diaminopyridine derivatives to undergo self-association or to form 
triple H-bonding to respective counterparts makes this moiety suitable in supramolecular 
network related research work. It is very prone towards the formation of H-bonding with 
uracil and other suitable counterparts.(174-180) 
 
3.5.1 Types of substitution on pyridine ring 
Pyridine derivatives are an essential class of azaheterocycles found in many natural 
products, active pharmaceuticals, and functional materials. Beside that substituted pyridines 
are widely used as key compounds for the preparation of different supramolecular assemblies. 
 
 
 
Fig. 24 N-substitution reaction with some common pyridinium reagents 
 
Electrophilic substitution at pyridine ring is not a very favourable reaction. Either this 
type of reactions do not proceed or proceed only partially.(181-183) Pyridine is a modest base 
(pKa=5.2) and since the basic unshared electron pair is not a part of the aromatic sextet, 
common alkylations or acylations usually fail and they lead to the formation of the pyridinium 
cation by N-substitution retaining the aromaticity of pyridine ring.(184) Hence, electrophilic 
substitution occurs usually at the 3-position which is the most electron rich carbon atom in the 
ring.  Pyridinium cations have been used as moderating components in complexes with a 
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number of reactive inorganic compounds because of its stability. Some examples of these 
stable and easily handled reagents are shown in Fig. 24. 
When it comes to nucleophilic substitution, pyridine compounds undergo more easily 
than equivalent benzene derivatives which can be attributed to the relatively lower electron 
density of the carbon atoms of pyridine ring. These reactions include substitutions with 
elimination of a hydride ion and elimination-additions with formation of an intermediate 
aryne configuration, and usually proceed at 2- or 4-position. Many nucleophilic substitutions 
are facilitated by the presence of groups like chloro, bromo, fluoro or sulphonic where they 
act as leaving groups. Without the presence of leaving groups nucleophilic substitutions also 
occurs in pyridine ring. One example is the Chichibabin reaction where amination takes place 
by the replacement of hydride anion. 
 
3.5.2 Synthesis of 4-substituted 2,6-diaminopyridines  
2,6-diaminopyridines are widely used as key compounds for the preparation of 
different supramolecular assemblies. They serve as a starting material for various reactive or 
non-reactive substituted 2,6-diamidopyridines for various applications. A very important one 
is 4-hydroxy-2,6-diaminopyridine which can be used to make versatile building blocks in 
supramolecular networks by incorporating long chains at 4-position having different end 
groups.(185-190) Consequently, it is not surprising that many successful synthesis routes 
toward 4-substituted-2,6-diaminopyridine have been developed. 
The most popular of them involves the Curtius rearrangement which was reported by 
Markees and Kidder in 1956,(191-194) Gorton(195) in 1957 and Stubbs(196) in 2003. 
Scheme 4 shows the reaction scheme which starts with the esterification of chelidamic acid 
followed by substitution at 4-position. Then it was reacted with hydrazine to give the acid 
hydrazide which in turn reacts with sodium nitrite to form a nitrene. Finally with the treatment 
of ethanol and KOH one can get the desired 4-substituted 2,6-diaminopyridine. In addition to 
the standard Curtius degradation,(197-199) a modified version is available with the use of 
diphenylphosphoryl azide (DPPA). (200-202) 
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In the year 2002, Kilburn et al. presented the synthesis of 2,6-diamino-4-
benzyloxypyridine through the Hofmann rearrangement(203, 204) which goes via the 
formation of 2,6-diamino-4-hydroxypyridine. They also started from chelidamic acid and 
converted it into the amide. The Hofmann rearrangement(205-208) was performed on this 
amide to yield the desired diamino compound (Scheme 5).  
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Scheme:  4 Synthesis of 4-substituted 2,6-diamino pyridine via 
Curtius rearrangements 
 
Scheme:  5 Synthesis of 2,6-diamino-4-hydroxypyridine via Hofmann 
rearrangement 
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Both procedures start from chelidamic acid or esters thereof and aim at introducing 
desired substituents on the oxygen in 4-position first. Subsequently, the amino groups are 
introduced by the Curtius or the Hoffmann rearrangement. Although, both of these above 
procedures are very common to synthesis 4-substituted-2,6-diaminopyridines, there are some 
disadvantages of these approaches. In the case of the Curtius rearrangement, early 
introduction of a substituent at 4-position may complicate further steps, especially if the 
substituent contains other reactive or functional groups. Furthermore, if the preparation of 
differently substituted 2,6-diaminopyridine derivatives is intended, the whole procedure has to 
be repeated each time again from the beginning which is very time consuming. Much more 
advantageous is an approach which comprises the introduction of the amine groups first 
followed by the introduction of the substituent in the last step. In the procedure described by 
Arienzo and Kilburn, the primary substituent (benzyl ether) is removed by hydrogenolysis so 
that the deprotected OH group in 4-position is available for further conversions with various 
substituents. This is an essential advantage compared to the procedure of Markees and Kidder, 
however, still demands several steps to achieve the targeted products.  
3.6 Bromobutyl rubber  
 
3.6.1 Poly(isobutylene-co-isoprene) 
Poly(isobutylene-co-isoprene) [IIR], or butyl rubber is a copolymer of isobutylene and 
isoprene units that was first produced by William Sparks and Robert Thomas in 1937. Earlier 
attempts to produce synthetic rubbers had involved the polymerization of dienes such as 
isoprene and butadiene, but Sparks and Thomas copolymerized isobutylene, with small 
amounts; e.g.; less than 2% of isoprene. As a diene, isoprene provided the extra double bond 
required to crosslink the otherwise inert polymer chains, which were essentially 
polyisobutylene. IIR typically contains about 98% polyisobutylene with 2% isoprene 
distributed randomly in the polymer chain. The polymer repeating units have the following 
structures. (Fig. 25) 
 
32 
 
 
Fig. 25 Structure of Poly(isobutylene-co-isoprene) [IIR] with its two main constituents 
isobutylene and isoprene 
 
It is synthesised by copolymerisation of 2-methylpropene (isobutylene) and 2-methyl-
1,3-butadiene (isoprene) through a mechanistically complex carbocationic polymerisation. 
During polymerisation, the isoprene units is incorporated in a trans-1,4-addition manner in the 
head-to-tail configuration to the isobutylene polymer with minor configurations such as 1,2-
addition and 3,4-addition product noted in NMR.(209) To achieve high molecular weights, 
the reaction must be performed at low temperatures (-90 to -100 °C). The reaction is highly 
exothermic. The most commonly used polymerisation process uses methyl chloride as the 
reaction diluents and boiling liquid ethylene to remove the heat of reaction and maintain the 
needed temperature.  
IIR shows an unusually low rate of molecular mobility well above the glass transition 
temperature, probably because of the restricted flexibility of the molecules. This lack of 
mobility is reflected in the copolymer’s abnormally low permeability to gases as well as its 
outstanding resistance to the attack by ozone.(209) Owing to the presence of only a few 
unsaturated groups per molecule, IIR is relatively resistant to oxidation. Because of its 
excellent air retention, IIR rubber quickly replaced natural rubber as the preferred material for 
inner tubes. It also plays an important role as inner liners of tubeless tires. It is also used for 
many other automobile components, such as window strips, because of its resistance to 
oxidation. Its resistance to heat allows its application in tire manufacture, where IIR forms the 
bladders that retain the steam or hot water used to vulcanize tires. 
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3.6.2 Brominated poly(isobutylene-co-isoprene) (BIIR) 
The development of halogenated butyl rubber (halobutyl) in the 1950's and 1960's 
greatly extended the usefulness of butyl rubber by providing much higher curing rates and 
enabling co-vulcanization with general purpose rubbers such as natural rubber and styrene-
butadiene rubber. These properties permitted development of more durable tubeless tires with 
the air retaining inner liner chemically bonded to the body of the tire. Tire inner liners are by 
far the largest application for halobutyl today. Both chlorinated (chlorobutyl) and brominated 
(bromobutyl) versions of halobutyl are commercially available. In addition to tire 
applications, butyl and halobutyl rubberʹs good impermeability, weathering resistance, ozone 
resistance, vibration dampening, and stability make them good materials for pharmaceutical 
stoppers, construction sealants, hoses, and mechanical goods.  
It is well known that bromination of alkenes occurs through an electrophilic addition 
mechanism to form dibromides. Bromination of cis-2-butene through an ionic mechanism 
resulted in a higher amount of the anti-addition product, indicating that rotation around the 
carbon-carbon double bond is inhibited during halogenation. The lack of rotation was best 
described by a halonium ion (bromonium ion for bromination) intermediate structure, as 
shown in Scheme 6 for the bromination of cis-2-butene.(210, 211) Further work to support 
the halonium ion intermediate structure was done by Brown et al.,(212) using X-ray 
diffraction to characterize the bromonium ions. They determined the bond length and angles 
associated with these halonium ions. 
 
 
Scheme:  6 Bromination of cis-2-butene 
 
Halogenations of IIR proceed through an ionic pathway, wherein deprotonation of a 
bromonium ion intermediate creates brominated poly(isobutylene-co-isoprene) (1,2 in Fig. 
26), BIIR or bromobutyl rubber. It has been demonstrated that there is competition between 
an ionic and a free-radical reaction pathway during halogenation of olefins.(213) 
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Fig. 26 Different isomers of brominated poly(isobutylene-co-isoprene) 
 
Because of the industrial importance of BIIR rubber, considerable work has been done 
to characterise its molecular structure. It has already been characterised by NMR 
spectroscopy(214, 215) for “as received” BIIR rubber as well as other major known isomers 
(exomethylene, Z & E endo bromomethyl). Ho and Guthmann(216) have demonstrated that 
the predominate isomer for BIIR is the kinetically-favoured exomethylene isomer (1) rather 
than the thermodynamically-favoured E,Z-endo (bromomethyl) isomer (2a,b, Fig. 24) The 
reaction products for the bromination of IIR were characterized by Vukov(217) who found 
that it yielded only substitution products (Scheme 7). 90% of the exo-methylene bromide (1a, 
where X=Br) isomer, the kinetically favoured product, and 10% of the (E,Z)-endo-
bromomethyl (1b, where X=Br) isomers, the thermodynamically favoured product, was 
obtained. The selectivity of substitution is attributed to the steric effect imposed by the bulky 
t-butyl group which is in β position to the double bond. The structural effect of this bulky 
group prevents a nucleophilic attack of the free halide ions on the halonium ion intermediate 
while favouring deprotonation at the sterically less hindered methyl site, α to the double bond. 
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Scheme:  7 Halogenation of Butyl Rubber 
 
 
3.6.3 Vulcanization of brominated poly(isobutylene-co-isoprene) 
Vulcanization of IIR and its halogenated derivatives extends their utility to many 
practical applications including tire inner liners. In principal, rubber is a viscoelastic material 
and uncured rubber undergoes irreversible deformation when stress is applied. Vulcanization 
reduces this plasticity while increasing elasticity through the formation of crosslinks between 
polymer chains. The formation of a covalent molecular network within the material improves 
the mechanical and physical properties making it suitable for use in a variety of industrial 
applications. Sulphur is commonly used to form crosslinks between polymer chains (Fig. 27). 
However, other curing agents are often used for the vulcanization of polymers. Therefore, 
when halogenated butyl rubber is vulcanized it gains significant strength and the ability to 
hold a shape through covalent bond formation. 
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Fig. 27 Crosslink network developed through vulcanization with sulphur(218) 
 
One very useful and convenient method to obtain information about the viscous and 
elastic response of a polymer to an applied stress is rheology. With the data obtained from the 
rheometer, the storage (G’) and the loss (G”) components of the dynamic modulus (G*) can 
be calculated. The dynamic modulus of viscoelastic materials includes both storage and loss 
contributions to capture the elastic and viscous behaviour. The storage modulus represents the 
elastic component of the material and is a measurement of stored energy, whereas the loss 
modulus represents the viscous component of the material and is a measurement of the energy 
lost as heat. The relationship between the dynamic modulus (G*), the storage modulus (G’), 
and the loss modulus (G”) is: 
                                                       ∗ = ′ + "  
Where, i is the complex number. 
In general, a standard vulcanization or cure curve representing torque as a function of 
time consists of three different regimes (Fig. 28). The formation of a three-dimensional 
structure via vulcanization enhances the modulus of a compound. The first section (1) of the 
cure curve is commonly known as the scorch or induction period. This period is very crucial 
since it is not only allows the rubber for complete mixing with the curatives and other 
ingredients but also affords time for the material to flow inside the mold and take shape into 
the desired product. The second stage (2) of the vulcanization process is the cure phase. 
During the cure phase, crosslinks are formed rapidly to increase the material strength but also 
to reduce the potential for degradation which might occur at the elevated temperatures 
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generally used for vulcanization. The final stage (3) of the vulcanization depends on how well 
the extent of cure is controlled and on the stability of the crosslinked network. The ideal 
outcome is when the torque reaches a stable plateau. However, if the torque continues to 
increase (known as marching cure) or starts to decline (known as reversion) it represents 
instability in the crosslink network. 
 
Fig. 28 Standard vulcanization curve for rubber-based compounds 
 
 
3.6.4 Crosslinking of BIIR via amine substitution reactions  
Bromination of poly(isobutylene-co-isoprene) to generate BIIR yields an elastomer 
that has the required air impermeability for tire inner liner applications and the cure reactivity 
required to generate adhesion between the tire inner liner and its carcass. Although the 
vulcanization of BIIR by sulphur is well established, the cure chemistry of this commercially 
important elastomer is poorly understood.(217) The allylic bromide functionality within the 
structure is responsible for the curing mechanism although it takes place in an anomalous 
manner and the end-use performance of this elastomer can be detracted by its vulnerability 
towards isomerisation and elimination reactions at elevated temperature.  
Nucleophilic substitution reactions of brominated BIIR with amines were investigated 
by Parent et al. The authors chose brominated 2,2,4,8,8-pentamethyl-4-nonene (BPMN) as a 
model compound and reacted it with secondary and primary amines (N-methyloctadecylamine 
and octylamine, respectively).(219) Scheme 8a and 8b show the probable reactions occurring 
in the systems. 
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      a) 
 
      b) 
 
Scheme:  8 Reaction of a) secondary amine and b) primary amine with BIIR 
 
 
The reaction with the primary amine is considerably more complex.  Here, bis-N-
alkylation products are formed readily. This bis-N-alkylation reaction demonstrated for the 
BIIR-primary amine system can be used to crosslink the polymer efficiently using a primary 
amine as the sole curing agent. Whereas in the case of the reaction with the secondary amine 
only a grafting reaction was found due to the lack of hydrogens in the amine structure.  
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Fig. 29 Cross-linking kinetics of BIIR reacting with different equivalents of primary amine 
at 160°C.(215) 
 
Finally, in the work of Parent et al., a rheometric analysis was carried out with mixtures of 
different amines and BIIR to see crosslinking densities and the best two results were achieved 
with 1.0 and 0.5 equivalent of primary amine (in their case octyl amine). (Fig. 29) 
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4 Results and Discussion 
4.1 Synthesis of 4-substituted-2,6-diamido pyridine 
In the research field of supramolecular chemistry, 2,6-diamido pyridine is a monomer 
which has huge importance because of its DAD (donor-acceptor-donor) structure. It can 
undergo self-association as well as hydrogen bonding with suitable counter parts utilizing its 
three hydrogen bonding sites (Fig. 30). Different derivatives of this are widely used as key 
compounds for the preparation of different supramolecular assemblies. A very important one 
is 4-hydroxy-2,6-diaminopyridine which can be used to make versatile building blocks in 
supramolecular networks by incorporating long chains at 4-position having different end 
groups.  
 
 
 
 
Because of its structural importance many different synthetic procedures are available 
in the literature as described in Chapter 3.3. The most popular were procedures using the 
Curtius reaction and the Hofmann rearrangement. The disadvantages of these two procedures 
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were already discussed. In this research work substituted 2,6-diamidopyridines are used as 
building blocks for the preparation of supramolecular self-assemblies within polymers. 
Therefore, a more effective synthetic route for this important component was required. 
 
4.1.1 Use of Chichibabin reaction 
The Chichibabin reaction can be regarded as a nucleophilic displacement of a hydride 
ion attached to a ring carbon of an aromatic nitrogen heterocycle by an amino group. In 1914 
Chichibabin and Seide reported that picoline or 2-methylpyridine underwent direct amination 
in the free position on the ring when treated with sodium amide in toluene at elevated 
temperatures (Scheme 9).(220)  
 
N N NH2
NaNH2
 
Scheme:  9 Chichibabin reaction on 2-methyl pyridine 
 
 
Since then, it has been recognized as one of the most important and influential 
developments in heterocyclic chemistry as many aminopyridines are valuable intermediates, 
especially in the pharmaceutical fields. This nucleophilic substitution occurred at 2-, 4-, and 
6-position of the pyridine ring. A probable mechanism of this reaction is shown in Scheme 
10. 
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Scheme:  10 Probable mechanism of Chichibabin reaction 
 
Usually it is very difficult to substitute the 4-position in the pyridine ring. So 
commonly to achieve 3,4- or 3,4,5-substituted pyridine or substitution at 2- or 2,6-position of 
pyridine, one has to start from already 4-substituted derivative. There are different ways to 
obtain 4-hydroxy pyridine derivatives substituted at 2 or 2,6-positions. Most of them include 
the synthesis of pyridine ring from aliphatic compounds or synthesis started from pyridines 
derivative but consist of many steps with low yield. Amination in pyridine rings can be easily 
done by utilising Chichibabin reaction. Thus relating to this it could be assumed that 
amination of 4-hydroxypyridine will give 4-hydroxy-2-aminopyridine or 4-hydroxy-2,6-
diaminopyridine. 
In 1955, Bojarska-Dahlig and Nantka-Namirski reported the Chichibabin reaction on 
4-hydroxy pyridine to achieve 4-hydroxy-2,6-diaminopyridine.(221) Since then no attempt 
was reported on this specific reaction. In this work, 4-hydroxy-2,6-diaminopyridine (3) was 
synthesized by conversion of 4-hydroxy pyridine (1) with sodium amide (Scheme 11). The 
procedure was slightly modified according to the procedure described by Bojarska-Dahlig and 
Nantka-Namirski.(221) Liquid paraffin was used as solvent instead of paraffin wax, which 
makes the solvent handling more easily. 
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Scheme:  11 Chichibabin reaction of 4-hydroxypyridine followed by neutralization 
 
The reaction mixture was heated stepwise from 180 to 230 °C up to 250 °C under 
nitrogen atmosphere. With increasing temperatures the reaction efficiency was increased. At 
110 °C no amination was observed, in the range of 130 to 180 °C extremely low reaction 
efficiency was observed. Therefore heating until 250 °C was crucial for this reaction. Gas 
evolution and intense colour changes are typical indications of the progress of the Chichibabin 
reaction. In this work the evolution of hydrogen and ammonia gas indicated the beginning of 
the reaction. Here, a subsequent colour change from orange to brown to black was observed. 
After 12 h heating, diamine substitution with both alpha hydrogens was obtained with more 
than 70% yield.  
2,6-Diamino-4-hydroxypyridine was isolated from the post reaction mixture as its 
nitrate salt (2) which is sparingly water soluble. Isolation of the free amine (3) was carried out 
by treating the nitrate salt with sodium bicarbonate. A brown solid was obtained which was 
later crystallized from water with a yield of about 88%. Finally, NMR spectroscopy was 
performed to confirm the structure of 2 and 3. 
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In the Fig. 31 the NMR spectra of compound 1, 2 and 3 are compared. In all the above 
three spectra, the aromatic protons in close vicinity of the 4-hydroxy group appear more or 
less in the same region (5.5-6.1 ppm). In the spectrum of compound 2, a new signal at 6.84 
ppm (Hb) was observed. Also the pyridinium salt shows a signal at 11.34 ppm (Hd). In the 
final spectrum of 4-hydroxy-2,6-diamino pyridine a broad signal at 9.28 ppm was observed 
with all other signals which complies the formation of a free –OH group in compound 3. 
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Fig. 31 1H NMR spectra of 1) 4-hydroxy pyridine (1), 2) nitrate salt of 4-hydroxy-2,6-
diaminopyridine(2) and 3) 4-hydroxy-2,6-diaminopyridine(3) in DMSO-d6 
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4.1.2 Synthesis of 4-hydroxy-2,6-diacetamido pyridine 
 
In order to introduce active substituent in 4-position, protection of the amino groups 
became one of the necessary step in the synthesis. So, after the successful preparation of 4-
hydroxy-2,6-diamino pyridine, attention was paid in the protection of the amino groups 
followed by substitution at 4-position. The Boc group is extensively used for amino protection 
because of its chemical inertness to nucleophilic reagents including bases. Deprotection is 
usually performed using acidic reagents. Initially, Boc-protection was carried out at 4-
hydroxy-2,6-diamino pyridine (3) by the reaction with di-tert butyl dicarbonate in THF with a 
slight heat up to 50 °C. Surprisingly, this reaction provided the hydroxyl protected compound 
4 with more than 86% yield.  
After careful consideration of some previous literatures few interesting point were 
found.  Houlihan and co-workers performed carboxylation on 4-amino phenol. In the case of 
4-amino phenol, high selectivity was observed with respect to the carboxylation of the amino 
groups, while when the same reaction was performed in the presence of NaOH the oxygen 
was converted preferably.(222) The same observation was found in the work of Saito and co-
workers.(223) They have performed Boc-protection on 4-amino phenol hydrochloride and the 
amine protected compound was obtained as the main product. With these observations, it can 
be concluded that the reactivity is influenced by the acidity of the substrates. Higher acidity 
containing functional groups are preferentially tert-butoxy carboxylated in a reaction. In this 
way, the high selectivity during Boc-protection of compound 3 can be explained by the strong 
electron withdrawing effect of the three nitrogen atoms resulting in an increased acidity of the 
OH group. 
After protection of the free hydroxyl group, the whole scheme was changed slightly. 
In the next step the amino groups were converted to amides to keep the hydrogen bonding 
groups intact which will help further in the preparation of supramolecular assemblies. 
Compound 4 was reacted with acetyl chloride in the presence of triethylamine in 
dichloromethane to obtain acetamide 5. More than 89% yield was observed in this reaction. 
Finally, deprotection of 5 was carried out using TFA in DCM followed by neutralization with 
sodium bicarbonate to give compound 6 with almost quantitative yield (Scheme 12). 
 
 
 
 
46 
 
 
 
 
6
N NN
OH
H
O
H
O
5
N NN
O
H
O
H
O
O
O
DCM,
1 h, rtAcCl, Et3N
3 4
N NH2H2N
O
O
O
(BOC)2O,
THF/methanol
N NH2H2N
OH
50°C, 3 h
1. TFA, DCM, rt
2. NaHCO3
2,6-diamino-4-hydroxypyridine tert-butyl (2,6-diaminopyridin-4-yl)carbonate
yield: 86%
tert-butyl (2,6-diacetamidopyridin-4-yl)carbona2,6-diacetamido-4-hydroxypyridin
yield: 90% yield: 89%
 
Scheme:  12 Synthesis of 2, 6- diacetamido-4-hydroxy pyridine 
 
 
All the structures were confirmed by 1H and 13C NMR spectra. A comparison of the 
1H NMR spectra of compound 4, 5 and 6 is shown in Fig. 32. The spectrum of compound 4 
shows a signal at 1.47 ppm (9Ha) along with a signal at 5.54 ppm (4Hc) which confirmed the 
Boc-protection of the free hydroxyl group leaving the amino groups intact. In the spectrum of 
compound 5 the formation of a diacetamide group was confirmed by the presence of 
additional signals at 10.23 ppm and 2.11 ppm which can be assigned to the amide and methyl 
protons of the acetamide group respectively. Finally, in the spectrum of compound 6 the 
disappearance of the signal of the Boc-protons proved the formation of 2,6-diacetamido-4-
hydroxy pyridine (6). 
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Fig. 32 1H NMR spectra of 4) tert-Butyl (2,6-diaminopyridine-4-yl) carbonate (4), 5) tert-
Butyl (2,6-diacetamidopyridine-4-yl) carbonate(5) and 6) 2,6-diacetamido-4-hydroxy 
pyridine (6) in DMSO-d6 
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4.1.3 Introduction of different functional groups at 4-position 
Compound 6 with a free OH group and two protected amino groups is the key 
compound for the synthesis of various substituted diacetamidopyridines. Substitution can 
easily be performed by conversion of the alkali salt of 6 with alkyl halides. In this work two 
different functional groups were introduced to demonstrate the synthesis of substituted 
diacetamidopyridines. As required for this work, long alkyl chains with protected amino and 
thiol end group were introduced. 
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Scheme:  13 Introduction of thiol protected long chain at 4-hydroxy-2,6-diamido pyridine 
 
Thiol and their derivatives are important functional groups in organic synthesis and 
they are also present in many biologically active compounds. (224-228) The most common 
starting materials for preparing sulphur-containing molecules are halides, alcohols and their 
derivatives. Reliable methods for the conversions to thiol and their derivatives are known. 
However, most of the literature methods involved the reaction of halides or equivalents with 
KSAc (potassium thioacetate) in solvents like ethanol,(229, 230) acetone,(231, 232) 
THF(233) or DMF.(234, 235) Potassium thioacetate (KSAc) is a popular reagent for the 
above conversions via the intermediacy of thioesters which can be easily isolated.(236, 237) 
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In this work, the synthesis started from the conversion of 1-chloro-6-iodohexane (7) to S-(6-
chlorohexyl) ethanethioate (8) via the reaction with KSAc in acetone. A room temperature 
reaction of about 24 h gave almost 95% yields. (Scheme 13) The conversion of 6 with 8 was 
carried out with a strong heating up to 110 °C for 18 h in the presence of an excess of K2CO3 
using DMF as solvent. After purification, solid products were obtained with more than 70% 
yields. 
The introduction of the amine functionality as the end group of long alkyl chain was 
carried out in few simple steps. Initially, 6-amino-1-hexanol (10) was converted to 6-
chlorohexan-1-amine (11) by the reaction with thionyl chloride. After the protection of the 
amino group with Boc-anhydride it was incorporated in 4-hydroxy-2,6-diamino pyridine to 
give compound 13 with more than 71% yield. (Scheme 14) 
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Scheme:  14 Conversion of 2,6-diacetamido-4-hydroxy pyridine with amine functionalized 
alkyl halide 
 
Fig. 33 represents the 1H NMR spectra of compound 13 and 9 which clearly show the 
introduction of long chains at 4-hydroxy-2,6-diamino pyridine. A signal at 3.97 ppm is 
common for both spectra which indicate the incorporation of the aliphatic chain at the 4-
hydroxy group. Besides that, the presence of the thioacetate group was confirmed by the 
signal of the methyl group at 2.31 ppm. For compound 13, also the presence of the –NHBOC 
group was assured by the signals at 1.37 and 6.71 ppm which complies with methyl protons of 
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the BOC group and the amine protons respectively. The other signals comply also with the 
whole structures of 13 and 9. 
These two compounds (13 and 9) can be regarded as potential building blocks for 
supramolecular assemblies which after deprotection of the thiol and amino groups, 
respectively, are available for surface modifications, polymer analogous reactions etc. 
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Fig. 33 1H NMR spectra of 9) S-6-(2,6-diacetamidopyridine-4-yloxy)hexyl ethanethioate 
and 13) tert-butyl (6-((2,6-diacetamidopyridine-4-yl)oxy)hexyl)carbamate in DMSO-d6 
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Versatility is the advantage of the procedure described here. With the preparation of 
compound 6, a key compound was provided which serves as a starting material for various 
reactive or nonreactive substituted 2,6-diacetamidopyridines for various applications. This is 
an essential advantage compared to the procedures which start form chelidamic acid where 
the substituents are introduced prior to the amino groups. 
 
4.1.4 Synthesis of 4-substituted-2,6-didodecanamido pyridine (incorporation of long 
aliphatic chains) 
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Scheme:  15 Synthesis of 2,6-didodecanamido pyridine having free amine as  end group in 
4-position 
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After the successful synthesis of 4-substituted-2,6-diacetamido pyridine, it became 
essential to utilize these materials for the grafting reaction to attach them to different polymer 
backbones. To do so, it was essential for these compounds to become soluble in different 
organic solvents. The acetamide compounds exhibits inferior solubility in different organic 
solvents. Therefore, long chains were incorporated in 2,6-diamino groups to overcome this 
solubility issues and 4-substituted-2,6-dodecanamido pyridine was synthesized which is a 
much more non-polar compound exhibiting good solubility in organic solvents. In this case, 
synthesis has started from compound 3 with the preparation of didodecanamide pyridine via 
the reaction with lauroyl chloride. (Scheme 15)  
In the 1H NMR spectra of compound M17, the formation of the free amine was 
evidenced by the signal at 6.80 ppm as a broad peak. The peak at 3.97 ppm comes from the 
methylene group attached to the oxygen at 4- position which complies with the incorporation 
of the aliphatic chain at the 4-hydroxy group. (Fig. 34) 
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Fig. 34 1H NMR spectra of N,N´-(4-((6-aminohexyl)oxy)pyridine-2,6-diyl)didodecanamide 
(M17) 
 
 
In this work N,N´-(4-((6-aminohexyl)oxy)pyridine-2,6-diyl)didodecanamide (M17) 
was the monomer with much relevance. Later it was used for the grafting reaction with poly 
(butadiene-co-maleic anhydride).  
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4.1.5 Synthesis of model compounds and preparation of a model supramolecular 
assembly   
Grafting of compound 17 to poly (butadiene-co-maleic anhydride) will lead to a very 
complex system with different kind of functionalities. So, direct determination of the self-
assembly from this system could be a difficult task. To simplify the future work, first of all, a 
model compound was synthesised having a similar structure like compound 17. Utilising this 
material, a model supramolecular network was prepared to check the availability of the 
functional groups for the formation of supramolecular assemblies. (Scheme 16)  
N,N'-(4-(hexyloxy)pyridine-2,6-diyl)didodecanamide (18) was synthesised having a similar 
structure as 17. As a counter part of this assembly succinimide (19) was used, the latter is 
commercially available and has an ADA (acceptor-donor-acceptor) structure making this 
moiety suitable for assembly formation with 18. 
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Scheme:  16 Synthesis of model compound 18 followed by supra-assembly preparation 
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Fig. 35 1H NMR spectra of N,N'-(4-(hexyloxy)pyridine-2,6-diyl)didodecanamide 
(compound 18) 
 
The structure of compound 18 was evidenced from the 1H NMR spectrum. (Fig. 35) 
The peak at 3.97 ppm comes from the methylene group attached to the oxygen at 4- position 
which complies with the incorporation of an aliphatic chain at the 4-hydroxy group. Whereas 
the chemical shifts at 7.46 and 7.53 ppm represent the aromatic and amide hydrogens 
respectively, the peak at 0.88 ppm with 9H integration complies the presence of three methyl 
groups in the structure. 
The formation of the H-bonding self-assembly of 18 and 19 was demonstrated by 1H 
NMR spectroscopic studies. Upon complexation of compound 18 by succinimide 19, the 
imide proton signal of 19 underwent a significant downfield shift of several parts per million 
in the NMR titration experiment (Fig. 36). This shift can be attributed to the decrease in 
electron densities of the protons involved in H-bonds and consequently their NMR signals 
were shifted to lower magnetic fields. During complexation between the model compound 18 
and succinimide 19 in CDCl3 at room temperature, the imide proton signal of succinimide 19 
undergoes a significant downfield shift from 8.06 ppm to 9.51 ppm in the NMR experiment. 
Similarly, the characteristic band of the amidic protons of compound 18 at 7.46 ppm shifted to 
8.17 ppm upon complexation with 19. These changes are characteristic of the formation of a 
multiple-point hydrogen-bonding complex. As shown in Fig. 36, analysis of the downfield 
shift of the amidic protons of compound 18 with the addition of 19 provided support for the 
formation of strong H-bonding between 18 and 19, and these assembly motifs exhibited a 
significantly high stability. 
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Fig. 36 1H NMR spectrum of the self-assembled complex (between 18 and 19) in CDCl3 at 
room temperature ; onset is the comparison between 18, 19 and 18*19 
 
As shown in Fig. 37, the IR spectra of 18 shows the free N-H stretching band at 3332 
cm-1 whereas for succinimide 19 two consecutive bands occur at 3151 cm-1 and 3136 cm-1. 
For the complexation between 18 and 19 in 1:5 stoichiometries, a clean shift was observed 
regarding these band positions. Whereas the band at 3332 cm-1 of 18 shifted to 3282 cm-1, 
right shift for the bands from imide were also observed. Additionally a blue shift in the Amide 
ΙΙ band was observed from 1509 cm-1 to 1535 cm-1 which is a typical characteristic signal for 
the formation of H-bonding.  All these significant changes indicate that a strong three-point 
hydrogen bonding took place between our model compound 18 and succinimide 19. 
The successful formation of a supramolecular associate with the model compound 
proves the significance of the di-amide structure towards the formation of a three H-bonded 
complex. These results initiate the research to incorporate the 2,6-diamido-4-hydroxy pyridine 
derivative M17 into a polymeric backbone to create a supramolecular network within a 
polymeric system.  
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Fig. 37 IR spectra of 18, 19, and 18•19 ([18]:[19] = 1:5 stoichiometry) shift of the N-H 
stretching band with the shift of the amide II band 
4.2 Preparation of supramolecular assemblies within polymers 
In this thesis, one main goal was to establish a supramolecular network within 
polymeric materials. Poly (butadiene-co-maleic anhydride) 20 has particularly been chosen as 
base polymer since its anhydride groups open the possibility for polymer analogous reactions 
with primary amines. This enables us to introduce different functional groups and to tail 
polymer properties according to our demands. Besides anhydride groups, polymer 20 possess 
double bonds which are available for further modification reactions such as radical cross-
linking, cross-linking with sulfur, or click reactions with thiol groups.35 This makes the 
polymer versatile for different applications. After the choice of the starting polymer, it 
became necessary to select one method for the conversion of cyclic anhydride to cyclic imide.  
 
4.2.1 Conversion of Cyclic anhydride to cyclic imide 
Small molecules and macromolecules containing imide groups exhibit great electrical 
properties, good solubility in polar media, resistance to hydrolysis and high thermal 
stability(238-245). Due to their excellent properties many efforts have been made to produce 
different compounds containing imide groups consisting of two carbonyl groups bound to 
nitrogen. The most common unsubstituted cyclic imides were prepared by heating 
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dicarboxylic acids or their anhydrides with reactants including ammonia, urea, formamide, 
lithium nitride, or primary amines(246-249). The reaction between anhydride and amine has 
generally been accomplished in organic solvents, e.g. tetrahydrofuran (THF), ethylbenzene 
(EB), N,N-dimethylformamide (DMF) or methyl ethyl ketone (MEK)(250-254) or in melt by 
reactive extrusion as demonstrated by Vermeesch and Groeninckx. (255, 256) The imidization 
reaction involves a very high viscous state during the reaction which has been attributed to 
either intermolecular polar association with the half-amide intermediate groups during ring-
opening or by intermolecular imide formation as described by Moore and Pickelnman.(254) 
Due to this very high viscosity intermediate phase in combination with pressure build-up (≈10 
bar) during thermal imidization of maleic anhydride into maleimide, certain limitations exist 
for the reaction. For these reasons among other things vigorous agitation is important. A 
series of basic experiments were conducted in order to gain more insight in the effects of 
different reagents with different reaction parameters. 
The reaction of cyclic acid anhydrides with ammonia proceeds via the amic acids (eg. 
maleamic acid) which are largely deprotonated in the presence of an excess of ammonia. At 
the reactant concentrations employed, the second step (the cyclisation of the amic acid) is not 
only generally slow and rate-limiting but also the reaction needs to be carried out at high 
temperatures for efficient ring closure. A common strategy, therefore, is to isolate the amic 
acid and cyclize these to the imides in a separate reaction by treatment with activators such as 
acetic anhydride or phosphorus pentoxide (P2O5).(257) A little modification was done to this 
conventional technique and the maleic anhydride in poly (butadiene-co-maleic anhydride) 
was reacted with ammonia or different primary amines in the presence of P2O5 as a catalyst, 
which decreased the temperature needed for ring closure from 150–300 °C to 20–70 °C 
(Scheme 17).(258)  
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Scheme:  17 Conversion of maleic anhydride to maleimide via P2O5 and Conc. H2SO4 (a 
general scheme) 
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Respective amines and maleic anhydride were dissolved in DMF and stirred for 2h at 
20 °C in a water bath. P2O5 was dissolved in H2SO4 and DMF. This mixture was added drop 
wise into the reaction mixture and was stirred for 2 h at 70 °C.  
 
 
O OO
1. DMF/ 20°C/ 2 h
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n H2N n
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2120
 
Scheme:  18 Conversion of poly (butadiene-co-maleic anhydride) with hexyl amine via 
P2O5 and H2SO4 
 
The mixture was kept chilled in the ice bath and poured into cold water. A precipitate 
formed that was filtered, washed with distilled water and dried in a vacuum oven at 65 °C for 
24 h. The reaction of poly (butadiene-co-maleic anhydride) with primary aliphatic amine 
mainly N-hexyl amine was performed using this procedure (Scheme 18).   
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Fig. 38 Comparison of IR spectra of polymer 21 with poly (butadiene-co-maleic anhydride) 
 
100% conversion with hexyl amine was attempted by this method. After completion of 
the reaction time the final product was dried and analysed by FTIR spectroscopy (Fig 38). By 
comparing this spectrum with the spectrum of starting polymer (20), it was found that ~70-
75% of the anhydride groups were converted to cyclic imide. In the FTIR spectrum of the 
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starting polymer, the bands at 1850 and 1775 cm-1 can be observed which corresponds to the 
cyclic anhydride group, whereas a new band at 1698 cm-1 belongs to the cyclic imide. It 
shows that the conversion of cyclic anhydride groups is incomplete. To achieve better results 
the same reaction was carried out overnight at 70-90 °C, but, complete conversion could not 
be achieved by this method. However, in the literature it was found that this strategy is not 
easily applicable to maleic anhydrides having bulky substituents on the 2 and 3 positions 
since the amic acids are unstable towards reversion into the anhydrides.(259) 
 
Formation of cyclic imide using hexamethyldisilazane (HMDS) as reagent 
This strategy with HMDS was mainly used to convert maleic anhydrides to 
maleimides. As the second step of this conversion i.e. the cyclisation of the amic acid is 
generally slow and rate-limiting, a current strategy was to activate the amic acid by 
conversion into the silylester in situ. (Fig. 39) 
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Fig. 39 Conversion of amic acid to silylester 
 
This conversion should be possible in the presence of ammonia due to the greater 
strength of the Si-O bond vs. the Si-N bond. A reagent was therefore needed which contained 
both ammonia and a silylating agent. Addition of methanol (0.5 meq) to hexamethyldisilazane 
(HMDS) gave a mixture containing methoxytrimethylsilane, ammonia, and residual HMDS 
which can be used directly to convert cyclic anhydrides to cyclic imides (Scheme 19). 
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               Scheme:  19 General conversion of cyclic anhydride to cyclic imide via HMDS 
When DMF solutions of poly (butadiene-co-maleic anhydride) were treated with the 
HMDS/methanol reagent at room temperature for 16 h, the imides were formed (Scheme 20). 
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However, also in this case, complete conversion of anhydride groups to imide was not 
observed (Fig. 40) and also, this procedure was restricted to the maleimide conversion only. 
Other substituted imides could not be introduced via this procedure. 
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Scheme:  20 Conversion of poly (butadiene –co-maleic anhydride) to poly (butadiene-co-
maleimide) via HMDS/Methanol 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Therefore in this work, complete conversion of the maleic anhydride groups could not 
be achieved by any of the previous two procedures. As a result, a new set up was made for 
this reaction using an autoclave with high temperatures and pressures. The details of this type 
of reaction will be discussed in the next part of this thesis. 
Reaction in autoclave 
An autoclave may be defined as a closed vessel in which chemical reactions are 
effected under controlled conditions of pressure and temperature, where either or both of 
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Fig. 40 Comparison of IR spectra of polymer 22 with poly 
(butadiene-co-maleic anhydride) 
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these factors accelerate the reaction or give a higher yield. Usually, autoclaves are provided 
with means for agitation to accelerate further the reaction or to increase heat transfer rates and 
thus secure a shorter cycle.  
In this procedure, a series of reactions were made using n-hexyl amine to see the 
efficiency of conversion of the cyclic anhydride groups to cyclic imide. Because of the good 
solubility of the starting polymer 20 into tetrahydrofuran (THF), these autoclave reactions 
were carried out in it.  Preferably, the conversion was carried out at 140 °C in THF in an 
autoclave under high pressure for a long time span of 10 h (Scheme 21). Under these 
conditions, the cyclic imide was formed quantitatively. A relatively good yield was obtained 
compared to the previous two methods. Different percentages of conversions with hexyl 
amine like 10%, 30%, 75% and 100% were conceded.  
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Scheme:  21 Conversion of poly (butadiene –co-maleic anhydride) with hexyl amine using 
autoclave 
 
The IR spectra of the starting polymer 20 and the reaction products are compared in 
Fig. 41. The intensity of the typical bands of the anhydride groups at 1770 and 1850 cm-1 are 
decreased with successive conversion. In the case of attempted 100% conversion those bands 
disappear completely. Instead, new bands appear at 1698cm-1 which can be assigned to the 
cyclic imide structures formed. Intermediate amic acid structures could not be detected. 
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Fig. 41 Conversion of poly(butadiene-co-maleic anhydride) with different percentages of 
hexyl amine 
 
4.2.2 Grafting of 4-substituted-2,6-diamino pyridine to poly (butadiene-co-maleic 
anhydride) 
20 21
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Scheme:  22 Grafting of 2,6-diamino pyridine derivative 17 to poly (butadiene –co-maleic 
anhydride) 20  using an autoclave 
 
The most important functionalization of poly (butadiene-co-maleic anhydride) 20 was 
performed with the 2,6-diaminopyridine derivative 17. The amino group of 17 offers the 
possibility to attach this compound covalently to the backbone of polymer 20. Once this 
molecule will covalently attach to the polymeric backbone it may help to create non-covalent 
interactions with other polymers having suitable counterparts. In this way the covalent bond 
provides the basic strength to the system and the non-covalent interactions will help to create 
a supramolecular network within this polymeric material.  
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In this investigation, grafting of modifier 17 to the polymer 20 was carried out mainly 
in autoclave because of the last success of autoclave reactions in this type of grafting 
reactions. This conversion was carried out for 10 h in an autoclave under high pressure. THF 
was used as a solvent because of the apparent good solubility of polymer 20 in it and also, it 
will facilitate removal of the excess solvent from the reaction mixture. In the first 5 h the 
whole reaction mixture was heated at 120 °C and for the next 5 h the temperature of the 
reaction was raised up to 140 °C (Scheme 22). Under these conditions, the cyclic imide was 
formed quantitatively.  
After comparing the IR spectra of polymer 22 and starting polymer 20, complete 
conversions of the maleic anhydride groups to cyclic imides can be concluded. (Fig. 42) As 
for the conversions with hexylamime, also here, the typical bands of the anhydride groups at 
1770 and 1850 cm-1 disappear completely. Instead, two new bands appear at 1694 and 1774 
cm-1 which can be assigned to the imide structures formed. The peak at 3332 cm-1 confirmed 
the N-H stretching vibration from amide groups.  
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Fig. 42 IR spectrum of polymer 22 (100% conversion) 
 
After confirming polymer 22 from IR, next DSC was performed to get some 
knowledge about the thermal behaviour of the material. A control study was carried out from 
-80 °C to +120 °C to obtain the thermal transitions in this range. A glass transition 
temperature at 47 °C was observed for the polymer 22. 
 
4.2.3 Synthesis of poly (butadiene-co-maleimide) as counterpart for supramolecular 
assemblies 
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Scheme:  23 Synthesis of poly(butadiene-co-maleimide) with general mechanism 
 
In order to solve the purpose of supramolecular assembly formation within a 
polymeric system, a polymer having functional groups effective towards hydrogen bonding 
was needed. To match the requirements of polymer 22 which has a typical DAD (donor-
acceptor-donor) structure, one polymer having functional groups with ADA (acceptor-donor-
acceptor) structure has to be chosen like the model compound succinimide 19 which has 
proved best for our monomer 18. For this purpose, a maleimide containing polymer was 
chosen as the basic material to prepare a supramolecular self-assembly due to the well-known 
fact that maleimide has a high ability of forming hydrogen bonds.(260) Considering all these 
facts, poly (butadiene-co-maleimide) was prepared by reacting poly (butadiene-co-maleic 
anhydride) with aqueous ammonia in an autoclave. (Scheme 23) The reaction was carried out 
at 140 °C for 10 h in THF similar to the procedures used in the previous autoclave reactions. 
A FTIR spectrum of poly (butadiene-co-maleimide) was obtained where two regions 
important for the investigation of H-bonding, N-H stretching (3500– 3100 cm-1) and C=O 
stretching (1800–1650 cm-1), were studied. A broad band centered at about 3200 cm-1 (Fig. 
43) is assigned to a wide distribution of H-bonded structures (multimers) of the maleimide 
monomer units, whereas two bands in the region of 1800-1650 cm-1, a smaller one centered at 
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1772 cm-1 and the sharp one at ~1692 cm-1, respectively, can be attributed to the C=O 
stretching, which are either in-phase or out-of-phase vibrations of the maleimide ring. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After investigating the thermal behaviour by DSC, it was found that the Tg of this 
polymer was in the range of 105 °C. The Tg of the initial polymer 20 was 95 °C, whereas after 
imidization the Tg increased. Obviously, the H-bonds in the imidized polymer enhance the Tg. 
 
4.2.4 Introduction of long chain spacers - tailoring of thermal behaviour and solubility 
After the successful preparation of the polymers with the 2,6-diamino pyridine 
derivative (22) and maleimide (23), their thermal as well as solution behaviour was studied. 
Relatively high Tgs were observed for polymer 22 and polymer 23 at 47 °C and 105 °C 
respectively. Furthermore, the resulting polymers did not show good solubility in different 
organic solvents. In order to modify solubility and thermal behaviour of the polymers 
different degrees of conversions were performed. Besides 100% conversions of polymers with 
maleimide or 2,6-diamino pyridine derivative (P23 and P22), 50% conversions (P22a and 
P23a) were also carried out in both cases. The changes in Tg with changing compositions 
were summerized in Table 2. 
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Fig. 43 IR spectra of poly(butadiene-co-maleimide) (23) 
66 
 
Table 2: Comparison of glass transition temperatures with changing compositions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From Table 3 it is rather clear that in the case of the maleimide containing polymers 
P23 and P23a, the Tg increases with increasing fraction of maleimide. However, this result is 
not surprising as with the increasing amount of imidized units the number of H-bonded 
groups in the system increases. The presence of more H-bonds within the system restricts 
mobility of the polymer chains which results in an increase of the Tg. Conversely, in the case 
of P22 and P22a, Tg decreases with increasing content of 2,6-diamino pyridine owing to the 
higher flexibility of the long aliphatic chains in the system. However, this range of Tg is not 
suitable either to prepare a rubber-like material from these polymers. 
 
 
Polymers 
Composition 
 
Tg 
M17 Maleimide  Maleic 
anhydride 
[°C] 
P20 
- - 1.0 
95 
P22 
1.0 - - 
47 
P22a 
0.5 - 0.5 
57 
P23 
- 1.0 - 
105 
P23a 
- 0.5 0.5 
87 
67 
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Scheme:  24 Introduction of long spacers within 2,6-diamino pyridine derivative containing 
polymer 
 
For these reasons, use of an additional longer substituent became mandatory to 
improve the thermal behaviour and the solubility factor of the system. Different long chain 
aliphatic amines (mainly hexylamine, octylamine and dodecylamine) in different percentages 
were introduced as a co-agent to tailor the thermal behaviour and solubility of the final 
polymers. In the case of the polymer with the 2,6-diamino pyridine derivative, different 
compositions were made by using the above said long chain amines to see the effect (Scheme 
24). After careful observation of the results, the same procedure was applied to maleimide 
containing polymer and a new polymer P25 was synthesized. (Scheme 25)   
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Scheme:  25 Synthesis of maleimide containing polymer with hexylamine as co-agent 
 
The Tg of the polymers P24a-d and P25 were compared to see the effect of long 
aliphatic chains on their thermal behaviour as well as to select a suitable co-agent for our 
polymers (Table 3). From Table 3, it is quite understandable that hexylamine is suitable to be 
used as a long chain substituent because it helps to develop a system with lower Tg along with 
an optimum chain length. Interestingly, no significant reduction in Tg was observed with the 
other two aliphatic amines in spite of their higher chain lengths. Therefore, polymer P24a 
having 90% conversion with hexyl amine and 10% conversion with the 2,6-diamino pyridine 
derivative was chosen as the final polymer for the preparation of supramolecular assemblies 
as it showed the lowest Tg at 15 °C. As a counter part for the assembly, P25 was synthesised 
with 30% maleimide groups and the rest was converted with hexyl amine so that the best 
compatibility with P24a is ensured. This modified polymer showed a Tg at 40 °C which is 
much lower compared to P23 and P23a. 
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Table 3: Effect of long chain spacers on glass transition temperatures (Tg) 
 
The two main polymers P24a and P25 were characterized by 1H NMR and IR studies 
which verified the presence of all functional groups necessary to prepare a supramolecular 
assemblies. The 1H NMR spectrum of P24a is shown in Fig 44. The signals of Ar-NHCO 
(amide protons, Ha) at 8.71 ppm, Ar-H (aromatic protons, Hb) at 7.55 ppm, and O-CH2 
protons (Hc) at 4.01 ppm unambiguously show that compound M17 was grafted successfully 
onto the backbone of polymer P24a. Also, the signals of the N-CH2 protons at 3.39 ppm 
confirm the grafting of both hexyl amine and M17. The lack of further NHCO signals verifies 
the absence of intermediate amic acid structures and proves complete imidization. The signal 
intensities of Ha-d related to the intensity of the vinylic protons Hc at 5.48 ppm allow 
determining the polymer composition which has proved to be in accordance with the initial 
feed composition. This 1H NMR spectrum was recorded in THF-d8. 
 
 
      
 
 
Polymer 
Composition  
 
Tg  M17 
 
NH3 
Spacer 
Hexylamine Octyl 
amine 
Dodecyl 
amine 
 
P24a 
 
 
0.1 
-  
0.9 
- -  
15 
 
P24b 
 
0.2 
-  
0.8 
- -  
25 
 
P24c 
 
0.1 
- -  
0.9 
-  
14 
 
P24d 
 
0.1 
- - -  
0.9 
 
13 
 
P25 
-  
0.3 
 
0.7 
- -  
40 
70 
 
 
 
 
In the IR spectrum of P24a the typical bands of the anhydride groups at 1770 and 
1850 cm-1 disappeared completely. Instead, two new bands appeared at 1694 and 1774 cm-1 
which can be assigned to the complete conversions of the anhydride groups to cyclic imide. 
Finally the peak at 3332 cm-1 confirms the N-H stretching vibration from amide groups of 
M17 (Fig. 45). After successful grafting of monomer M17 to P24a, now, it can be used for 
the preparation of supramolecular networks.  
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Fig. 44 1H NMR spectrum of polymer having 10% 2,6-diamino pyridine and 90% hexyl 
amine converted groups (P24a)in THF-d8 
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First evidence for the structure of P25 came from the IR spectrum which shows almost the 
same pattern like P23 (Fig 46).  
 
 
 
 
 
 
 
 
 
 
 
 
Solubility was an enormous problem since the synthesised polymers need to be 
dissolved in different organic solvents. Nevertheless, the starting polymers without the 
tailoring effect showed solubility in tetrahydrofuran only. After comparing the solubility of all 
the polymers in different organic solvents, an improvement was noticed in the case of the 
modified polymers with long aliphatic chains (see Table 4).  
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Fig. 46 IR spectra of maleimide containing polymer P25 having hexyl 
amine as co-agent 
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Table 4: Comparison of the solubility of the modified polymers with the starting 
polymers 
 
4.2.5 Supramolecular self-assemblies between polymer with succinimide (monomer) 
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Fig. 47 Supramolecular assembly between P24a and succinimide 
Direct investigation of the assembly formed between the two polymers was very 
complicated as it has only 10 to 30% of the hydrogen bond forming groups within its structure 
 
Polymer 
Solubility 
THF CHCl3 DMSO-d6 
P20 +++ -- ++ 
P22 +++ ++ + 
P22a +++ ++ + 
P23 +++ -- ++ 
P23a +++ -- ++ 
P24a +++ +++ + 
P24b +++ +++ + 
P24c +++ +++ --- 
P24d +++ +++ --- 
P25 +++ --- ++ 
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whereas the rest was converted with long chain amines. Hence, a suitable monomer was 
chosen first to investigate the behaviour of polymer P24a towards the formation of a 
supramolecular assembly through H-bonding. In this case, succinimide was used as the 
monomer (Fig. 47) as it has already been used in the formation of the model supramolecular 
assembly due to the structural resemblance with P25. 
Complex formation in solution was investigated with 1H NMR spectroscopy. The 
NMR spectrum of P24a was studied in three different solvents like THF-d8, CDCl3 and 
DMSO-d6 to select the right solvent for further experiments. The three spectra are compared 
in Fig. 48. 
 
 
 
 
 
 
 
 
 
 
                                                                                                
 
                
 
 
After comparing these spectra it became clear that comparatively better spectrum was 
obtained in case of tetrahydrofuran. But when NMR titration experiment was performed 
between P24a and succinimide in THF-d8, no significant change in chemical shift was 
observed. Finally the titration experiment was carried out in CDCl3. The concentration of 
P24a was kept constant whereas the concentration of succinimide was gradually increased. 
This NMR titration experiment revealed a significant downfield shift of the amidic proton 
signal because of complexation with succinimide (Fig. 49). The peak at 8.15 ppm was 
assigned to the N-H protons of the polymer P24a. With the gradual addition of succinimide in 
the CDCl3 solution of P24a, the signal of the amidic protons of P24a shifts towards downfield 
and a change from 8.15 to 8.90 ppm is observed. Also, a downfield shift of the imide signal of 
11 10 9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)
CDCl 3
DMSO-d 6
THF
Fig. 48 Comparison of NMR spectra of P24a in different solvents
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succinimide is observed from 8.06 to 9.35 ppm with the initial addition up to 0.35 equivalents 
which reflects the quick formation of H-bondings between these two moieties. After that, with 
further addition of succinimide, up field shift of the imide proton signal is observed which can 
be accounted for the presence of the complexed and the uncomplexed structure together. 
These changes are characteristic of the formation of a multiple-point H-bonding complex. 
These results show that strong and quick hydrogen bonding takes place between P24a and 
succinimide, resulting in the formation of strong complexes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After getting positive results from the NMR spectra, attention was paid to IR to see 
changes in the peak position as a result of H-bond formation. As shown in Fig. 50, the FT-IR 
spectra of P24a and succinimide show the free NH stretching band at 3295 and 3149 cm-1, 
respectively. 
 
 
 
 
 
10 9 8
Chemical Shift (ppm)
0 : 1
1 : 0
1 : 0.35
1 : 0.65
1 : 1.3
1 : 2.3
*
*
*
*
8.15
8.90
P24a : succinimide
8.06
9.35
Fig. 49 Partial 1H NMR spectra of the NMR titration experiment between P24a and          
succinimide, in different concentration ratios using CDCl3 at room temperature. The   
concentration of P24a was kept constant. 
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The NH stretching band of the mixture was observed at 3170 cm-1, which is consistent 
with the formation of H-bonding between P24a and succinimide.(136) All the results obtained 
indicate strong complex formation between the polymer and succinimide. 
 
4.2.6 Supramolecular self-assemblies between polymers  
After the successful formation of supramolecular assembly between P24a and 
succinimide, full attention was paid to the formation of supramolecular self-assembly between 
the two polymers P24a and P25 (Fig. 51).  Although NMR gave evidence of hydrogen 
bonding between P24a and succinimide, it was not helpful in the case of our polymer-
polymer system due to the insolubility of the formed physical mixture in CDCl3. So, the focus 
was shifted to other analytical methods.  
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Fig. 50 Partial FT-IR spectra of P24a, succinimide and their 
mixture 
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Fig. 51 Supramolecular self-assembly between P24a and P25 with schematic 
representation of network formation 
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Viscosity measurements  
Viscous flow is characteristic for polymer solutions. From viscometry direct physical 
evidence of the formation of supramolecular self-assemblies between two polymers can be 
obtained.(261-263)  
 
 
More details of the aggregation driven by strong complexation were found in the plots of ηsp 
and concentration (g/dL), as shown in Fig. 52. In these plots the specific viscosities (ηsp) of 
polymer P24a and P25 individually and the mixture of P24a and P25 are plotted against the 
concentrations. The first graph showed the measuring curves with pure samples P24a and P25 
at a concentration of 0.5 g/dl. For the viscosity measurements of the mixture, the 
concentration of P25 was kept constant (0.5 g/dl) whereas the concentration of P24a was 
successively increased. For the mixture, ηsp was plotted against the overall concentration 
(P24a+P25). The respective ηsp values are approximately equal at this starting concentration. 
With increasing concentration the nature of these plots varied significantly. The curves for the 
pure polymers P24a and P25 remain almost flat. In the case of the mixture, it shows an 
exponential increase in ηsp with increasing concentration. This stronger concentration 
dependence clearly indicates that intermolecular interactions between P24a and P25 occur in 
the solvent resulting in the formation of supramolecular polymer associates of increasing size. 
The smaller linear slops of the plots of polymer P24a and P25 show that the polymer coils are 
well rinsed by the solvent, whereas complex formation in the mixture forms denser 
agglomerates.  
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Fig. 52 Plots of ηsp vs concentration (g/dl) for P24a and P25and their 
mixture(P24a+P25) 
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Differential scanning calorimetry (DSC) 
Differential scanning calorimetry (DSC) was performed on a 1:1 mixture of P24a and 
P25. The mixture was prepared by dissolving the two polymers in THF at 60°C. Then the 
mixture was dried and submitted for DSC. Respective DSC thermograms are represented in 
Fig. 53. A single Tg at 30 °C is obtained in the case of the mixture (P24a●P25) which is 
located between the Tg of P24a (15 °C) and P25 (40 °C). This result is consistent with the 
formation of a completely miscible blend between these two polymers which indicates the 
formation of a supramolecular network.(138, 264)  
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Fig. 53 DSC thermograms (2nd heating) of P24a, P25 and 1:1 mixture of P24a and P25 at 
the heating rate of 10 K min-1 
 
Infrared (FTIR) Spectroscopy 
As shown in Fig. 54, the IR spectra of P24a and P25 show the free NH stretching 
band at 3334 and 3209 cm-1, respectively. A mixture of P24a and P25 (1:1 stoichiometry) was 
prepared and analysed by IR. The mixture shows a new peak at 3222 cm-1. Whereas it can be 
said that broad peak of P25 is caused by the intramolecular H-bonding within the polymer; 
the new peak at 3222 cm-1 in the mixture indicates a strong complexation between P24a to 
P25 (136)which are obviously stronger than the intramolecular H-bonding of P25.   
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Fig. 54 Partial IR spectra of P24a, P25, and P24a·P25 ([P24a]:[P25]) 1:1 stoichiometry 
 
Rheology 
Viscoelastic properties of different polymer systems including the supramolecular 
polymer were investigated and were represented in Fig. 55 (a-c). A 1:1 molar mixture of 
P24a and P25 was prepared by melt mixing and dynamic shear measurements were carried 
out on an ARES rheometer by changing the temperature. Dynamic storage modulus (G’) and 
loss modulus (G”) were plotted against temperature (T). In comparison to the single 
components (Fig. 55a and 55b), an entirely different viscoelastic behaviour was found in the 
case of the mixture (Fig. 55c) Whereas, the rheological response for both starting polymers 
P24a and P25 is viscous in nature with G”> G’ over the whole temperature range, the mixture 
shows elastic behaviour at low temperature with G’ > G’’ and predominantly viscous 
behaviour at higher temperature with G” > G’.  Different rheological response and higher G’ 
at the relatively lower temperature region in case of the mixture (SA) attributed to the 
formation of H-bonded structure between P24a and P25. At ~107 °C, the G’ and G’’ have the 
same value which is commonly reported in the literature as gel temperature denoted as 
Tgel.(265) Tgel of a supramolecular polymer gel can be defined as the temperature where the G′ 
(elasticity) and G′′ (viscosity) have the same value on dynamic temperature ramp tests. Above 
this temperature the mixture (P24a+P25) behaves as viscous liquid which can be ascribed to 
weakened hydrogen bonding within the mixture (SA). 
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AFM (Morphology) study  
A series of AFM studies were performed to visualize the self-assembly of our two 
main polymers. A thin film from a 2.0g/dL solution of a 1:1 molar mixture of P24a and P25 
in THF was prepared by spin coating on a flat silicon surface (previously cleaned with 1:1:1 
solution of NH4OH, H2O2 and H2O). The resulting film had a thickness of 100-120 nm. For 
comparison purposes, a film of a mixture without H-bonding groups was prepared. 
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Fig. 55 Temperature dependence of dynamic storage modulus G’ (■) and loss modulus    G’’ 
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For this purpose, a 100% modification of P20 was carried out with hexyl amine. The 
resulting polymer P21 was mixed with poly (butadiene-co-maleic anhydride) P20 in a 1:1 
molar ratio. The AFM topography of this mixture (Fig. 56a-b) (both height and phase image) 
shows a pitted surface and evidences surface segregation. Careful analysis of the morphology 
of the film shows the presence of islands and depressions, with a mean-square roughness of 
almost 45 nm. The islands present a lateral dimension ranging from ~800 to 500 nm, while 
the depth of the depressions was estimated to be 100 nm. The phase segregation results from 
the low chemical affinity between the two polymers which in terms indicates the absence of 
H-bonding groups within their structure. 
 
 
 
  
 
 100.00 nm
 0.00 nm
1.0µm
1.0µm
Fig. 56 2D (left) and 3D-view of detail (right) AFM topographic images of P20+P21 (a) 
height image and (b) phase image showing surface segregation 
 
82 
 
 
Fig. 57 2D (left) and 3D-view of detail (right) AFM topographic images of P24a+P25 (a) 
phase image and (b) height image showing complete miscibility 
 
By contrast, the topographic image of the 1:1 molar mixture of P24a and P25 is quite 
flat, with few surface features (Fig. 57a-b).The mean square roughness is just 1-2 nm and 
without apparent phase separation. This evidence, combined with the DSC data above, 
demonstrates the mixing of the two copolymers P24a and P25 at molecular level, hence their 
compatibilization. This gives a clear indication of the strong impact on polymer 
compatibilization of these specific key-lock interactions. 
Reversibility of the supramolecular-assembly 
The reversibility of the supramolecular network formation i.e. the ability to form or 
break the H-bonds by external stimuli was investigated as it was a key interest in this material. 
Fig. 58 shows the influence of temperature on the solution (nsp) viscosity of the 
supramolecular polymer (SA).  
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Fig. 58 Temperature dependence of the viscosity (ηsp) of supramolecular polymer in 1,2-
dichlorobenzene 
 
The viscosity of the mixture (SA) of P24a and P25 (1:1 w/w) in 1,2-dichlorobenzene 
was measured by varying the temperature. With increasing temperature, an exponential 
decrease in ηsp was observed. This rapid decrease can be attributed to the weakening of H-
bonds which leads to the increase in the dynamic motion of the polymer chains at higher 
temperatures. Again, when the solution was cooled from 100 to 25 °C, the solution viscosity 
returned to its original higher value which indicates the spontaneous reformation of the 
assembly within the mixture (SA). 
All the above results establish the effective heterocomplexation within the polymeric 
backbones that leads to the formation of supramolecular self-assemblies between P24a and 
P25. 
4.3 Preparation of a supramolecular network within Bromobutyl rubber: way towards 
self-healing 
In spite of enormous interest in self-healing materials, only a few approaches have 
been investigated in the direction of self-healing elastomers.(266-272) However, almost no 
work can be found in the case of self-healing of conventional rubbers except a few. In this 
work, the self-healing behaviour of commercially available BIIR was investigated by means 
of a supramolecular network formation within BIIR matrix. To ensure the supramolecular 
network formation M17 was used which is capable of forming multiple H-bonds. As a 
counter part of the supramolecular network uracil was selected as it is very prone towards the 
formation of H-bonding with diamido pyridine moieties. 265,266 
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 4.3.1 Reaction of bromobutyl rubber using derivative of 2,6-didodecanamido pyridine 
(M17)  
As a reactive functional polymer, BIIR may alternatively be crosslinked via the 
substitution of bromine groups by primary amine compounds.(219) Compound M17, which 
has already proved to be capable of forming triple H-bonds and thus is able to form a 
supramolecular network, was reacted with BIIR. The primary amine group within M17 can be 
used for the reaction with the bromine groups in BIIR. 
In this case, the very first step was to mix this organic monomer with BIIR. The 
reaction of the amine with BIIR was accomplished without solvent using a conventional 
rubber compounding equipment. Blends of BIIR and M17 were made in a DACA micro 
compounder mixer. Different equivalents of M17 like 0.3, 0.5 and 1.0 were used to compare 
the cross-linking effects on BIIR. (Fig. 59) After mixing, rheological experiment was carried 
out using a TA Instruments ARES rheometer, in plate to plate geometry (25 mm diameter). 
The temperature was raised from 20 °C to 160 °C with an increase of 5 °C/min, and then the 
sample was left under shearing for curing. For each testing 1 g of sample mass was used.  
 
 
 
 
 
 
 
 
 
 
 
 
 
It is interesting to note that the storage modulus of BIIR rubber increased with 
increasing amount of M17. Such increment in storage modulus is a consequence of 
crosslinking of BIIR in the presence of M17. The highest crosslink density was produced with 
0.5 molar equivalents of M17 relative to allylic bromide. 0.5 equivalent of amine satisfy the 
stoichiometric requirement for allylic bromide conversion to a disubstituted product when 
compared to 0.3 equivalent of amine. Interestingly, 1.0 equivalent amine produced the lowest 
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Fig. 59 Change of storage modulus with time for BIIR with M17 in the ARES 
rheometer, Tmax = 160 °C; comparison using different equivalents of M17 
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cross-link density of the series. This can be explained by the fact that a large excess of amine 
creates conditions where allylic bromide is the limiting reagent, thereby arresting the process 
in a state dominated by structure 26 as opposed to the disubstituted product BIIR-M17 (28). 
Scheme 26 depicts the plausible reaction mechanism between BIIR and M17.  
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Scheme:  26 Reaction of M17 with BIIR 
 
 
4.3.2 Grafting of uracil to bromobutyl rubber (BIIR-U) 
As stated earlier, secondary amines can undergo only N-alkylation to generate BIIR 
substitution products,(215) therefore uracil can only be expected to graft onto BIIR chains. A 
BIIR-U mixture was prepared in a DACA micro compounder. The mixing conditions were 
adjusted to that of the BIIR-M17 mixture for comparison. So, 1.0 equivalent of uracil was 
mixed with BIIR at 70 °C for 5 min with 100 rpm.  To prove that uracil reacted with BIIR by 
substituting its Br-functionality, FT-IR spectra were recorded. From the previous literatures, it 
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is known that bromobutyl rubber has a characteristic peak at 910 cm-1 which is associated 
with allylic bromide.(273) (Fig. 60)  
 
 
Fig. 60 Partial IR spectra of bromobutyl rubber(273) 
 
In the case of the BIIR-U mixture, no significant change was observed in this peak 
intensity when the mixing was carried out for only 5 min but after a prolonged mixing 
through a time duration of 10 min this peak at 910 cm-1 disappeared which indicates the 
substitution of the bromo functionality of BIIR with uracil and thus grafting of uracil to the 
BIIR matrix by chemical reaction. (Fig. 61) The plausible reaction between BIIR and uracil 
was showed in Scheme 27.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 61 Comparison of IR spectra of BIIR-Uracil mixture (different mixing time) with 
BIIR 
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Scheme:  27 Grafting of uracil within bromobutyl rubber 
 
BIIR-U was subjected to rheological analysis and corresponding rheogram is 
documented in Fig. 62. Evolution of storage modulus of the BIIR-U compound was plotted as 
function of time. Marginal increase in storage modulus was noted with time. This designates 
that rather grafting reaction took place in BIIR-U compared to BIIR-M17 where crosslinking 
had occurred.  
 
 
 
 
 
 
 
 
 
 
 
 
 
4.3.3 Preparation of BIIR-M17-URACIL mixture (BIIR-M17-U); Generation of a 
supramolecular network within bromobutyl rubber  
From the earlier results, it was clear that 0.5 eq. of M17 is sufficient to crosslink BIIR 
totally whereas 1.0 eq. of uracil is required to substitute all the bromo functionality within this 
rubber material. For the generation of a supramolecular network, both functionalities are 
needed in the same material. To prepare the final compound with a right balance of hydrogen 
bonding units, 0.25 eq. of M17 and 0.5 eq. of uracil were mixed with BIIR. This approach 
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Fig. 62 Change of storage modulus with time for BIIR-U 
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insures that the half portion of BIIR was cross linked by M17 and the other half grafted by 
uracil and then it can be assumed that a three point H-bonding interaction between them build 
a supramolecular network within BIIR rubber. The final mixing was carried out in DACA 
micro compounder at 70°C for 10 min with 100 rpm. The cross-linking process was followed 
by rheological measurements using an ARES rheometer, in plate to plate geometry. For this, 
the temperature was raised from 25 °C to 160 °C with increase of 5°C/min, and then, the 
sample was left under shearing for curing. Fig. 63a shows the evolution of the storage 
modulus for the mixture when heated at 160 °C in the ARES rheometer. During the 
temperature ramp, the increase of G´ shows that the crosslinking reaction becomes effective.  
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Fig. 63 Development of a) storage modulus with time for BIIR-M17-U in the ARES 
rheometer, Tmax = 160 °C; b) torque with time for BIIR-M17-U in comparison with the 
BIIR gum (in moving die rheometer) 
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To validate the results, a standard BIIR gum without any curing agents was also 
studied by following same condition and the torque evolution in a moving die rheometer (Fig. 
63b). Final crosslinking was carried out at compression molding machine following the cure 
time (10 minutes) obtained from moving die rheometer. The sample mass used for each 
testing was about 5 g. As expected, there was no such torque enhancement in the case of BIIR 
gum which excludes the possibility of any thermal crosslinking. It is interesting to observe 
that the torque was gradually increased with time in the case of BIIR-M17-U. This further 
indicates some chemical interactions occurred. The chemical evidence came from the IR 
spectrum where again the peak at 910 cm-1 completely disappeared proving the substitution of 
the Br-functionality by both of the organic compounds. (Fig. 64)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 28 describes the formation of supramolecular network within BIIR which is 
able to crosslink the final material. 
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Fig. 64 Comparison of IR spectra of BIIR-M17-U mixture with 
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Scheme:  28 Formation of a supramolecular network within BIIR utilizing the three 
hydrogen bond complex between M17-Uracil 
 
 
4.3.4. Mechanical properties of BIIR-S and BIIR-M17-U at RT 
A classical vulcanization of BIIR by accelerator assisted sulphur (S) was performed 
(BIIR-S) to compare with BIIR-M17-U which is through the crosslinking of BIIR by amines. 
Mechanical properties of BIIR-S and BIIR-M17-U are compared in the Table 5 in terms of 
tensile strength and elongation at break. Higher tensile strength and elongation at break is 
observed in the case of BIIR-S compared to BIIR-M17-U compound. This results also 
supports the results obtained from both curemeter and plate-plate rheometer. Improved 
mechanical properties of the BIIR-S might be attributed to the higher rate of reaction in the 
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presence of S. Although the tensile strength and elongation at break values are low for BIIR-
M17-U compare to BIIR-S, the former showed unique self-healing behavior which will be 
discussed in the next chapter.  
Table 5: Mechanical properties of BIIR-S and BIIR-M17-U 
Materials  Tensile strength (MPa) Elongation at break (%) 
BIIR-S 2.46 1849 
BIIR-M17-U 0.404 1423 
 
4.3.5. Self-Healing study of BIIR-M17-U 
In the design of our material, we expected that self-healing properties will occur by 
means of the reversible H-bonding in the matrix. Moreover, a high fraction of H-bonded 
groups in the matrix is always favourable for obtaining adequate self-healing properties.(268, 
271, 274) BIIR-M17-U exhibits satisfactory self-healing behaviour at 70 °C without the 
presence of any solvent or healing agents.   
Strip specimens of BIIR- M17-U were first cut into two pieces and were brought into 
contact immediately at room temperature and then healed at 70 °C by varying the healing 
time. Fig. 65 shows the tensile strength of BIIR-M17-U as a function of healing time where 
the temperature is fixed at 70 °C.  
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Fig. 65 Stress-strain curves of BIIR-M17-U (healed) at various healing times keeping the 
temperature fixed at 70 °C 
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Fig. 65 clearly demonstrated that to achieve a good self-healing, longer healing times 
are required. In this case samples with 20 h of healing time leads to better healing with a 
recovery of up to 82% (considering stress at break) compared to the uncut virgin sample. 
However, a small healing time such as 4 h proved to be non-effective in our case and for 8 h 
or 12 h, there is no balance of recovery between stress and strain. 
After perceiving the indication of the healing time, another set of self-healing 
experiment of BIIR-M17-U was carried out by changing the temperatures. The samples were 
again cut and healed at different temperatures like 50, 60, 70 and 90 °C for 20 h. Fig. 66 
showed that with increasing temperature tensile strength of the material is also increasing and 
higher healing efficiency was observed at 70 °C which was approximately 82%. This 
observation is reasonable because the self-healing ability of these H-bonded materials are 
mainly dependent on the mobility of the non-associated groups on the fracture surface.(268) 
Consequently, this phenomenon is dependent on the temperature since at higher temperatures 
the H-bonding groups became much more active due to increase in mobility and they can 
form the supramolecular assembly more efficiently which leads to the self-healing ability of 
the material. The healing efficiency was again dropped marginally at 90°C. 
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Fig. 66 Stress-strain curves of self-healing BIIR-M17-U, healed at various temperatures 
for 20 h 
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Fig. 67 Stress-strain plot of BIIR-S healed at 70 °C compared with an uncut sample 
 
To compare the uniqueness of BIIR-M17-U material, a conventionally sulphur cured 
BIIR rubber was also prepared and adopted as a reference and similar self-healing studies 
were carried out on it. Fig. 67 represented the self-healing experiment on BIIR-S where the 
samples were cut and healed at 70 °C for 20 h. In spite of having higher tensile properties, 
BIIR-S was unable to show self-healing properties when cut and tried to heal at 70 °C.  
Finally, quantification of self-healing efficiency of different samples of BIIR-M17-U 
was done by the recovery of tensile strength. Healing efficiency of all the materials were 
calculated using the following equation and is presented as a function of healing temperature 
in Fig. 68. 
 
where, TS = Tensile strength 
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Fig. 68 Healing efficiency of BIIR-M17-U as a function of temperature 
 
Although the above outcome of the self-healing experiments was quite interesting still 
100% recovery of the material in term of self-healing ability was not achieved. Therefore, the 
healing experiment was slightly modified in order to achieve further improvement in the self-
healing efficiency. To do so, a cut of 1 mm thickness was introduced within the material by 
means of razor blade which is just half of the whole thickness (2 mm). The samples were 
mended at 70 °C for 20 h as above and stress-strain experiment was carried out which is 
represented in Fig. 69. Interestingly up to 92% healing ability was documented in this 
particular case. Although the healing efficiency in this particular case could not be justified as 
it is an average healing efficiency of the healed part as well as the virgin part.  
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Fig. 69 Stress strain curves of half cut self-healing BIIR-M17-U 
 
 
To investigate the physical details of the self-healing behaviour of BIIR-M17-U 
samples, the healing process was monitored with optical microscope. Again, the sample was 
cut into two separate pieces with a razor blade followed by bringing the two cut pieces gently 
back into contact and healed for 20 h at 70°C. (Fig. 70a) The obtained optical microscope 
images indicated that physical healing of the damaged surfaces occurred in 20 h at 70 °C 
where the cut was hardly visible after the mending procedure (Fig. 70b).  
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4.3.5. Thermal properties of the self-healing rubber (BIIR-M17-U) 
 
Dynamic mechanical properties refer to the response of a material as it is subjected to 
a periodic force. These properties are in general expressed in terms of a dynamic storage 
modulus (E’), a dynamic loss modulus (E’’), and a mechanical damping term commonly 
known as tanδ. In the following the dynamic mechanical properties of the supramolecular 
self-healing BIIR-M17-U rubber were compared with conventionally sulphur cured BIIR 
(BIIR-S). Results were represented in the Fig. 71. Identical dynamic mechanical properties 
were observed in both cases and one marginal improvement in storage modulus at higher 
temperature was noticed in case of BIIR-S. 
 
 
 
 
a) 
b) 
Fig. 70 a) Stretching of BIIR-M17-U sample after cut and subsequent healing at 70 °C 
for 20 h. The sample can be stretched to 75% without failure b) Microscopic images 
(scale bar 1 mm) of BIIR-M17-U with cut (left) and after healing for 20 h (right) 
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Differential thermal analysis (DSC) was also performed to get insights of different 
thermal transitions specifically at low temperatures (glass transition temperature, Tg). There is 
no significant change in Tg observed from Fig. 72.  
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Fig. 72 DSC thermograms of BIIR-M17-U (black solid line) and BIIR-S (red solid line) 
both 
 
 These results clearly show that in spite of a complete different crosslinking 
pattern, the dynamic mechanical as well as thermal behaviour of the supramolecular BIIR-
M17-U rubber was comparable to that of BIIR-S which states that there is no negative 
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Fig. 71 Comparison of dynamic mechanical properties of BIIR-S with BIIR-M17-U; a) storage 
modulus as a function of T and b) tan delta as a function of T 
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influence of the used modification reactions. However, pronounced self-healing effects are 
found which is a distinct advantage compared to conventionally crosslinked BIIR-S. 
5 Conclusions and outlook 
Derivatives of 2,6-diamino pyridines are excellent candidates for the preparation of a 
supramolecular network. They have a clear DAD (donor-acceptor-donor) structure which in 
presence of a suitable counterpart with ADA (acceptor-donor-acceptor) structure undergoes 
the formation of a three point H-bonding complex (Scheme 16). It was the aim of this study to 
figure out whether this principle can be utilized for the development of self-healing polymers 
and rubbers. For this it was necessary to find a way to bond 2,6-diamino pyridine and an 
appropriate counterpart covalently into a polymeric matrix. A promising possibility seemed to 
be the introduction of a reactive group into 4-position of the 2,6-diamino pyridine ring which 
allowed to bond this interacting group to a polymer backbone by a polymer analogous 
reaction. Possibilities to synthesize functionalized 2,6-diamino pyridines have already been 
described in the literature.  
In literature, works of Markees-Kidder and Killburn describe the synthesis of 2,6-
diaminopyridine compound but both of these two procedures started from chelidamic acid or 
esters and required multistep to finish the synthesis. The main disadvantage of these works 
came from the early introduction of substituents on the oxygen at 4-position which complicate 
further steps. Moreover in the need to incorporate different substituents at 4-position of 2,6-
diamino pyridine, repetition of the whole procedure was required for each single substituents 
which was very much time consuming. 
In this thesis work, it was found more advantageous to introduce amine groups first 
followed by introduction of substituents at the last step. This synthesis was started from 4-
hydroxy pyridine and amine groups were introduced at the -2 and -6 positions through 
Chichibabin reaction which is considered as one of the most influential reaction in pyridine 
chemistry. At the end of this synthesis final compound was obtained with a free OH group at 
4-position and two amide groups at 2 and 6 positions respectively. These 4-hydroxy-2,6-
diamido pyridine derivative was the key compound for the synthesis of various substituted 
diamidopyridines. In this work two examples were shown which demonstrate the synthesis of 
substituted diamidopyridines with additional protected amino and thiol groups. Initially 
diacetamido pyridine derivatives were prepared but finally modified to didodecanamido 
compound to improve the solubility of the system in different organic solvents. The final two 
compounds M17 and 9 can be used for surface modifications, polymer analogous reactions 
etc.  
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So the advantage of the procedure described here lies in its versatility. With the 
preparation of compound 6, a key compound is provided which serves as a starting material 
for various reactive or nonreactive substituted 2,6-diamidopyridines for various applications. 
This is an essential advantage compared to the procedures which start from chelidamic acid 
where the substituents are introduced prior to the amino groups. 
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Grafting of the final compound M17 to poly (butadiene-co-maleic anhydride) was 
carried out successfully in an autoclave. This moiety helped to generate supramolecular 
association property within the polymer. Two different types of polymers were made from 
poly (butadiene-co-maleic anhydride); one is having 10% conversion of the anhydride groups 
with M17 and another having 30% maleimide groups in it. The potential interaction between 
M17 and maleimide helped to create supramolecular network within these polymeric system. 
For the preparation of rubberlike material from this polymeric system lowering of Tg was 
needed. Initial polymer maldene has a very high Tg of about 95 °C which after conversion 
with M17 and maleimide decreases down to 47 and 87 °C respectively. To lower the Tg 
further, hexyl amine was introduced in both of these polymers as spacer which reduced their 
Tg to 15 and 40 °C respectively as well as made them soluble in different organic solvents.  
A model system was prepared first for the analysis of the supramolecular network 
created by 2,6-diamino pyridine derivatives. Compound 18 having similiar structure of M17 
(only difference is the hexyl group at 4-position) was used with succinimide (having similar 
structure of maleimide). A triple H-bonded complex formation was observed between them. It 
was supported by 1H NMR and IR spectra where significant shift of signals were obtained. 
In case of the polymeric system, detection of the interactions became difficult. So 
firstly a polymer -monomer complex formation set up was made using P24a and succinimide 
to see the efficiency of polymer P24a towards supramolecular association. 1H NMR titration 
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experiment was employed which confirmed that complexation observed in the mixtures of the 
model compounds also occurs in mixtures with polymers.    
In case of polymer-polymer interactions the first evidence of supramolecular 
association in solution came from the viscosity measurements where a mixture of P24a and 
P25 in THF was used against simple solutions of P24a and P25 separately. An exponential 
increase in the specific viscosity with concentration was observed in case of the mixture 
compared to the almost flat curve of the single polymer solutions. These data proved denser 
agglomerates formation with the complex formation between P24a and P25.  
The miscibility of the two polymers was proven by the presence of a single Tg in the 
DSC results of the mixture. The Tg of the mixture came at 30 °C which is just between the Tg 
of P24a and P25. These proved blend formation between the two polymers which in turn 
supports the interaction between the functional groups. The formation of homogeneous films 
with no phase separation was obtained in AFM study of the mixture of P24a and P25 whereas 
a pitted surface with significant roughness was observed when a mixture of polymers having 
no H-bonded groups was analyzed. This evidence, combined with the DSC data above, 
demonstrates the mixing of the two copolymers P24a and P25 at molecular level, hence their 
compatibilization and gave a clear indication of strong impact of the specific H-bonding 
interactions on polymer compatibilization. Whereas the low chemical affinity between other 
mixtures of polymers resulted in the phase separation which in terms indicated the absence of 
H-bonding groups within their structure. Also the interaction between the complex exert a 
distinct influence on the rheological behaviour of the blend. Tgel temperature at 107 °C was 
obtained below which the mixture behaves like an elastic material and above which it behaves 
as viscous liquid which supports the weakening of H-bonding within the mixture with 
increasing temperature. 
Finally the reversibility of supramolecular polymer formation i.e. the ability to form or 
break the hydrogen bonds by external stimuli was investigated as it was a key interest in this 
material. It was proved from the viscosity experiment where a rapid change in viscosity was 
observed in case of the polymeric mixture with increasing temperature and with cooling 
spontaneous reformation of the assembly within the mixture was also obtained. This work 
established effective heterocomplexation within the polymeric backbone that leads to the 
formation supramolecular self-assembly followed by the formation of a miscible polymer 
blend. 
In the next part of this work supramolecular network was created within BIIR rubber to 
generate self-healing effects in the rubber material. This industrially important rubber has 
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bromo functionality in it and M17 monomer was incorporated by substituting this –Br group 
with priimary amine. Uracil was grafted onto BIIR and mixing of these two moieties created 
supramolecular network within the system. The disappearance of the peak of allylic bromide 
group at 910 cm-1 in every sample indicated the proper grafting of these two organic 
compounds on BIIR. The self-healing effects were examined through the stress-strain 
experiments where up to 82% healing was observed when heated up to 70 °C. With increasing 
temperature better healing was observed whereas at room temperature a 40% healing 
tendency was noticed.  
The main aim of this study was to understand and use the advantages of 2,6-diamino 
pyridine derivatives towards the formation of supramolecular association. A supramolecular 
network was created using the organic moiety as well as it was used to do the same in 
polymeric system. In case of the polymeric system self-association ability was obtained with 
the formation of a reversible complex and specifically in the rubber material the effect of 
supramolecular association was converted in self-healing property which is a unique result in 
its own way.  
This presented work is directed towards the way of self-healing rubber materials particularly 
based on BIIR. This work can be carry forwarded by the use of bi-linkers from 2,6-diamino 
pyridine derivatives or uracil. (Fig. 73) 
 
 
 
 
 
 
 
These bi-linkers with 6 H-bonding sites can prove effective towards the formation of 
strong supramolecular associations which in turn help to increase the extent of self-healing 
effects within materials. These linkers can also be used in the above polymeric system.  
Also some different modifications can be carried out to the polymeric system to make it 
rubberlike material having lower Tg. For example a modified poly (butadiene-co-maleic 
anhydride) with less number of anhydride groups may help to overcome this situation.  
Although the existing work can be utilized to prepare some materials with good extent of self-
healing, we still have to go a long way for the use of such materials in various commercial 
applications.  
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Fig. 73 Bi-linkers from 2,6-diamido pyridine and uracil having 6-H bonding sites 
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6 Experimental 
6.1 Materials 
 
6.1.1 Chemicals and reagents 
 
Chemicals  Supplier Purity 
4-Hydroxypyridine  Aldrich 95% 
Sodium amide Aldrich 95% 
Paraffin Merck p.a. 
Conc. Nitric acid Sigma-Aldrich ≥69% 
Sodium bicarbonate Acros 99.5% 
di-tert-butyl dicarbonate Aldrich ≥99% 
Tetrahydrofuran Acros 99.99% 
Methanol Acros 99.9% 
Acetyl chloride Merck p.a. 
Triethylamine Sigma-Aldrich ≥99% 
Dichloromethane Acros p.a. 
Trifluoroacetic acid Sigma-Aldrich 99% 
Potasssium thioacetate Aldrich 98% 
1-chloro-6-iodohexane Aldrich 96% 
Acetone Acros  p.as. 
Potassium carbonate, anhydrous Fluka ≥99% 
6-amino-1-hexanol Alfa-Aesar 97% 
Dimethylformamide Aldrich 99.8% 
Thionyl chloride Fluka ≥99% 
Lauroyl chloride Aldrich 98% 
1-bromohexane Aldrich 98% 
Phosphorus pentoxide Sigma-Aldrich ≥99% 
Conc. Sulfuric acid Acros 96% 
Hexamethyl disilazane Alfa 98% 
Hexylamine Merck ≥98% 
Octylamine Alfa 99% 
Octadecylamine Aldrich ≥99% 
Dodecylamine Fluka ≥99.5% 
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poly(butadiene-co-maleic anhydride) Polysciences p.a. 
Aq. Ammonia Roth ≥25% 
Uracil Sigma ≥99% 
Sodium sulphate, anhydrous Sigma-Aldrich ≥99% 
Hexane Merck >99% 
Ethylacetate 
Succinimide 
Acros 
Sigma-Aldrich 
99.99% 
p.a. 
   
6.1.2 Rubbers 
a) Bromobutyl rubber (BIIR) 
BIIR used in this study, was a non-staining, brominated isobutylene-isoprene copolymer with 
high Mooney viscosity procured from LANXESS. Different specifications of this rubber are 
mentioned in the Table 6 below. Chemical structure of BIIR is also given in the Fig. 74.  
 
Table 2: Different specification of BIIR 
 
Property Nominal value Unit  
Mooney viscosity 46±4  MU 
Volatile Matter max. 0.7 wt % 
Total Ash max. 0.7 wt % 
Bromine Content 1.80 ± 0.20 wt % 
Antioxidant non-staining min. 0.03 wt % 
Stabilizer 1.3 ± 0.3 wt % 
 
 
Fig. 74 Chemical structure of brominated poly (isobutylene-co-isoprene), constituent of 
BIIR 
 
b) Curing ingredients 
104 
 
The stearic acid was purchased from ACROS Organics, Geel, Belgium with 97% purity. The 
vulcanizing accelerator was MBTS, kindly provided by Rhein Chemie, Rheinau, Mannheim, 
Germany. Sulphur (S) and zinc oxide (ZnO) used in this study were of industrial grade. 
 
c) Poly (butadiene-co-maleic anhydride) (P20) 
Poly (butadiene-co-maleic anhydride) was ordered from Polysciences, Inc. It came as 1:1 
(molar), 25% soln. in acetone with molecular weight in the range of 10,000 to 15,000. The 
acetone was evaporated and it was used as an off white solid.  
6.2 Preparation of Materials 
6.2.1 Preparation of BIIR-S 
Typical formulation is given in the Table 7. Different ingredients were mixed in the 
laboratory sized two roll mill (Polymix 110 L, Servitec GmbH, Wustermark, Germany) at 50 
°C. 
Table 3: Typical formulation of BIIR-S compound 
 
Ingredients  Amounts in phr 
BIIR 100 
Stearic acid 1 
ZnO 3 
MBTS 1.25 
Sulphur  0.5 
 
6.2.2 Preparation of BIIR-M17: reaction of BIIR with the derivative of 2,6-
didodecanamido-4-hydroxy pyridine (M17) 
Primary amine derivative of 2,6-didodecanamido-4-hydroxy pyridine (M17) was mixed with 
BIIR in DACA micro-compounder at 70°C at 100 rpm for 5 mins. Several M17 contents (0.3, 
0.5 and 1.0 eq.) were mixed with BIIR to understand the curing mechanism. 
6.2.3 Preparation of BIIR-U: grafting of uracil to BIIR 
Uracil was mixed with BIIR in DACA micro-compounder at 70°C at 100 rpm to prepare 
BIIR-U. Different mixing times (5, 10 mins.) were utilized to investigate the grafting reaction 
of Uracil onto the BIIR matrix. 
6.2.4 Preparation of BIIR-M17-U  
The samples of BIIR were mixed with M17 and Uracil in DACA microcompounder at 70°C 
and 100 rpm. For the preparation of the final BIIR-M17-U (1.0 eq.) sample at first Uracil 
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(0.25 eq.) was added to BIIR. After a 5 min stirring M17 (0.5 eq.) was added to the mixture 
and mixed for another 5 min at 70°C with a speed of 100 rpm.  
 
 
 
 
6.2.5 Processing of rubber materials 
Moulding 
The material obtained after mixing was cut in the required dimension and stacked each other 
to the desired volume for moulding. A picture of compression moulding machine is shown in 
Fig. 75. The test specimens were molded in standard moulds by compression molding on an 
electrically heated hydraulic press. The rubber samples were vulcanized up to their respective 
optimum cure time at 160 °C. At the end of the curing cycle moldings were stored in a cool 
and dark place for 24 hours and were used for subsequent physical tests. 
 
 
Fig. 75 Compression moulding machine 
 
 
6.2.6 Spin coating 
Films for the AFM experiment were prepared through spin coating. It was performed with a 
spin coater of brand PLC spin150 (SPS Europe) from tetrahydrofuran solutions of the 
polymers which were filtered through 0.2 micron PTFE filter. Spin-coating was performed in 
two steps as follows: (1) rpm = 100, time = 11 s, R/s2 = 1900; (2) rpm = 2000, time = 30 s, 
R/s2 = 1900. Afterward, it was annealed at 60°C for 1 hour in a vacuum oven. The rotation 
speed of the spin coater was 2000 rpm, the duration was 30 s. 
The thickness of the polymer layers on the smooth substrates in the dry state was measured at 
λ = 632.8 nm and an angle of incidence of 70° with a null ellipsometer (Multiscope, Optrel 
Berlin, Germany). The thickness of the layers was measured to be about 120 nm. 
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6.3 Apparatus and Instruments 
Nuclear magnetic resonance (NMR) spectroscopy 
NMR spectra were recorded with an Avance III 500 spectrometer from Bruker  
recorded. 1H NMR spectra were recorded at 500.13 MHz, 13C-NMR spectra at  
125.75 MHz measured. Mainly CDCl3 and DMSO-d6 were used as solvent, the solvent signal  
was used as internal standard (DMSO-d6: δ(1H) = 2,5 ppm, δ(13C) = 39,51 ppm and CDCl3: 
δ(1H) = 7.26 ppm and δ(13C) = 77.0 ppm). For special NMR in THF-d8 the solvent signal 
came at δ(1H) = 1.72 and 3.58 ppm. 
 
Fourier Transform Infrared (FTIR) spectra 
The Fourier-transform infrared (FTIR) spectra of the composites were obtained by using the 
BRUKER VERTEX 80 V spectrometer (Fig.76) over the wavenumber range of 4000-400 
cm−1 in an attenuated total reflection (ATR) mode. 
 
 
Fig. 76 Vertex 80v FTIR spectrometer from Bruker 
 
 
 
Differential Scanning Calorimeter (DSC) 
DSC measurements were carried out with the DSC Q1000 (TA instruments, New Castle, 
USA). (Fig.77) Measurements were made under a nitrogen atmosphere in the temperature 
range -80 to 200°C with a scan rate of ± 10 K / min with a heating-cooling-heating program 
history. the  
Device calibration with respect to the temperature was carried out with an indium standard (T 
= 156 ° C, AH = 28.6 J / g) and a lead-standard (T = 327.5 ° C, AH = 23.0 J / g). Evaluation 
of glass transition temperature of the second heating curve was used. 
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Fig. 77 DSC from TA instruments 
 
 
 
Fluorescence Spectroscopy 
Measurement of fluorescence spectra was done by the Fluorolog 3 spectrometer (Horiba 
JobinYvon). Films were cast from chloroform solution. 
 
Atomic force microscopy (AFM)  
The AFM measurements were performed with a Dimension ™ 3100 NanoScopeV 
(BrukerNano) performed. There are silicone-SPM-sensors (Budget Sensors) with spring 
constants of  about 3 N / m and a resonant frequency of about 75 kHz is used, the peak radius 
was less than 10 nm, the scanning conditions (free amplitude> 100 nm, set point amplitude  
Ratio 0.5) were chosen so that the contrast in the phase image of the stiffness corresponded.  
All recordings were performed in the tapping mode. The films were of tetrahydrofuran  
solution (2 wt -%), spincoated on a silicon wafer and annealed in accordance with need.  
 
Viscosity 
The viscosity experiments were performed in tetrahydrofuran using an Ubbelohde viscometer 
at 25 °C. 
 
Curing study 
Curing studies were performed using Scarabaeus SIS-V50 (Fig. 78), a rubber processing 
analyzer (Scarabaeus, Langgöns, Germany) in the isothermal time sweep mode for the 
samples at temperature 160 °C for 60 minutes. For the preparation of the vulcanized sample 
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160 °C was selected for the measurement of the curing time t90, scorch time t2 and others 
data were used for the curing kinetics study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dynamic mechanical analysis (DMA) 
Dynamic mechanical analysis was performed on strips with 10 mm width using a dynamic 
mechanical thermal spectrometer (Gabo Qualimeter, Ahlden, Germany, model Eplexor- 
2000N) in the tension mode.  
 
 
Fig. 79 Dynamic mechanical analyzer (Eplexor-2000N) 
 
The isochronal frequency used was 10 Hz and the heating rate was 2°C/min with a dynamic 
load at 0.5% strain and static load at 1% strain. Amplitude sweep measurements were 
performed on the same Eplexor 2000 N (Gabo Qualimeter, Ahlden, Germany) in the tension 
Fig. 78 Rubber process analyzer for the determination of processing 
characteristics 
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mode at room temperature, at a constant frequency of 10 Hz, static load at 60% strain and 
dynamic load, 0.01-30%. Frequency master curves were made by using the time temperature 
superposition principle (TTS), after measuring a combined temperature frequency sweep at 
temperatures from 20°C to 100°C and frequencies from 0.5Hz to 50Hz. For creating the 
master curves the instrument software (Eplexor version 8.374g from Gabo, Ahlden, Germany) 
was used. Fig. 79 shows the set-up of DMA machine. 
 
Tensile testing 
Tensile tests of original and healed samples were carried out with strip geometry using Zwick 
1456 (model 1456, Z010, Ulm, Germany) with crosshead speed 200 mm/min. Strip specimens 
were cut in the middle with a razor blade and mended subsequently. Two prototype self-
healing experiments were carried out using aforesaid sample geometry. In a rapid screening 
test, samples were cut completely by means of a razor blade in the middle. The cut edges of 
the samples were brought into contact immediately and the mending was performed at the 
abovementioned temperatures and healing times without additional stress. (Fig. 80) 
 
 
 
Fig. 80 Mechanical testing machine 
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Rheology 
Cross-linking process was followed by rheology using an ARES rheometer (Rheometrics 
Scientific, USA), in plate to plate geometry (25 mm diameter) (1 Hz frequency, 0.1% strain) 
with torque transducers having a torque range from 0.02 g.cm to 2000 g.cm. To ensure a good 
contact between the material and the plates, an axial force was first applied to the sample. The 
temperature was raised from 25 °C to 160 °C at 5 °C/min, and then the sample was left under 
shearing for curing under nitrogen atmosphere.  
6.4 Synthesis of monomers and polymers 
 
Nitrate salt of 4-hydroxy-2,6-diaminopyridine (2) 
22
1 1
OH
N NH2NH2
H
3
NO3
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A mixture of 1 (10.0 g, 105.1 mmol), sodium amide (16.4 g, 420.6 mmol), and liquid paraffin 
(52 mL) was heated stepwise from 180 to 250 °C under nitrogen atmosphere for 12 h. 
Subsequent color change from orange to brown to black was observed. The mixture was 
cooled in an ice bath. Water (100 mL) was added carefully to quench the excess of sodium 
amide and it was stirred for 10 min. The paraffin layer was separated and washed by water. 
The combined aqueous solutions were acidified with conc. HNO3. The black precipitate 
obtained was filtered off and dried. Finally it was crystallized from hot water to give 2 as a 
deep brown solid. 
Molar mass: 189,40 g/mol 
Yield: 13.72 g, 70%  
1H NMR (500 MHz, DMSO-d6): d = 11.34 (br, 1H, H3), 11.22 (s, 1H, H4), 6.84 (br, 4H, H2), 
5.40 ppm (s, 2H, H1) 
13C NMR (125 MHz, DMSO-d6): d = 170.8, 153.2, 83.6 ppm. 
 
4-Hydroxy-2,6-diaminopyridine (3) 
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To a solution of 2 (8.0 g, 42.06 mmol) in 100 mL of hot water, sodium bicarbonate (3.5 g) 
was added with slow stirring. After cooling to room temperature, the precipitate was filtered 
off and washed with a small amount of cold water. The substance was crystallized from water 
to give 3 as brown crystals. 
Molar mass: 125,13 g/mol 
Yield: 5.4 g, 88%  
1H NMR (500 MHz, DMSO-d6): d = 9.28 (br, 1H, H3), 5.15 (s, 2H, H1), 5.08 ppm (s, 4H, H2) 
13C NMR (125 MHz, DMSO-d6): d = 166.8, 159.3, 84.0 ppm. 
 
tert-butyl (2,6-diaminopyridine-4-yl) carbonate (4) 
3
3
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To a solution of 3 (4.0 g, 31.96 mmol) in 10 mL of THF and 10 mL of methanol, di-tert-butyl 
dicarbonate (13.95 g, 63.92 mmol) was added at room temperature. The reaction mixture was 
heated at 50 °C for 3 h. After the mixture was cooled to room temperature, the excess of THF 
and methanol was removed under reduced pressure. The residue was dissolved in ethyl 
acetate (100 mL) and washed with water and brine. The organic phase was dried over Na2SO4 
and concentrated to give compound 4 as yellow oil.  
Molar mass: 225,25 g/mol 
Yield: 6.1 g, 86.32% 
1H NMR (500 MHz, DMSO-d6): d = 5.54 (s, 4H, H2), 5.43 (s, 2H, H1), 1.47 ppm (s, 9H, H3) 
13C NMR (125 MHz, DMSO-d6): 160.1, 159.8, 150.5, 87.6, 83.0, 27.2 ppm. 
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tert-butyl (2,6-diacetamidopyridine-4-yl) carbonate (5) 
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To a solution of 4 (6.3 g, 27.91 mmol) in 80 mL of CH2Cl2, triethyl amine (7.79 mL) and 
acetyl chloride (3.97 mL, 55.92 mmol) were added sequentially at room temperature. The 
reaction mixture was stirred at room temperature for 1 h under nitrogen atmosphere. The 
crude was directly purified by column chromatography (EtOAc/hexanes = 1:1) using silica 
gel without any workup to give 5 as a light yellow solid. 
Molar mass: 309,32 g/mol 
Yield: 7.72 g, 89.24% 
1H NMR (500 MHz, DMSO-d6): d = 10.23 (s, 2H, H2), 7.59 (s, 2H, H1), 2.11 (s, 6H, H4), 1.50 
ppm (s, 9H, H3) 
13C NMR (125 MHz, DMSO-d6): d = 169.6, 159.6, 151.5, 149.7, 101.5, 84.2, 27.1, 24.0 ppm. 
 
2,6-Diacetamido-4-hydroxy pyridine (6) 
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To a stirred solution of 5 (5.0 g, 16.16 mmol) in 40 mL of CH2Cl2, trifluoroacetic acid was 
added slowly at 0 °C. The reaction mixture was stirred for 3 h at room temperature under 
drying condition. The excess of solvent was removed under reduced pressure. The crude 
product was neutralized with a saturated NaHCO3 solution. The whole aqueous part was 
evaporated and the solid obtained was stirred in 70 mL of methanol for 1 h. The solution was 
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filtered and the filtrate was dried over Na2SO4 and concentrated to give compound 6 as an off 
white solid.  
Molar mass: 209,21 g/mol 
Yield: 3.05 g, 90.23% 
1H NMR (500 MHz, DMSO-d6): d = 10.48 (s, 1H, H4), 9.78 (s, 2H, H2), 7.24 (s, 2H, H1), 2.07 
ppm (s, 6H, H3)  
13C NMR (125 MHz, DMSO-d6): d = 169.1, 166.5, 151.2, 96.7, 24.0 ppm. 
 
S-(6-Chlorohexyl) ethanethioate (8) 
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A mixture of 1-chloro-6-iodohexane (5.0 g, 20.24 mmol), 10 mL of acetone, and potassium 
thioacetate (2.31 g, 20.24 mmol) was stirred at room temperature for 20 h under nitrogen 
atmosphere. The excess of acetone was removed and the crude product was diluted with water 
and extracted three times with CH2Cl2. The combined organic layers were dried over Na2SO4 
and concentrated to give 8 as a white solid.  
Molar mass: 194,73 g/mol 
Yield: 3.74 g, 95%  
1H NMR (500 MHz, CDCl3): d = 3.46 (t, J = 6.6 Hz, 2H, H6), 2.80 (t, J = 7.4 Hz, 2H, H1),                 
2.25 (s, 3H, H7), 1.70 (m, 2H, H5), 1.52 (m, 2H, H2), 1.40–1.30 ppm (m, 4H, H3, 4) 
13C NMR (125 MHz, CDCl3): d = 195.8, 44.9, 32.4, 30.6, 29.3, 28.9, 28.0, 26.3 ppm. 
 
S-6-(2,6-Diacetamidopyridine-4-yloxy)hexyl ethanethioate (9) 
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To a stirred solution of 6 (2.0 g, 9.56 mmol) in 15 mL of DMF, K2CO3 (5.29 g, 38.27 mmol) 
and 8 (2.23 g, 11.47 mmol) were added at room temperature. The reaction mixture was heated 
at 110 °C for 24 h under nitrogen atmosphere. After being cooled to room temperature, the 
reaction mixture was diluted with 150 mL of water and extracted thrice with EtOAc. The 
combined organic layers were dried over Na2SO4, concentrated, and purified by column 
chromatography (EtOAc/Hexane = 1:1) using silica gel to give 9 as an off white solid.  
Molar mass: 367,47 g/mol 
Yield: 2.66 g, 76%  
1H NMR (500 MHz, DMSO-d6): d = 9.92 (s, 2H, H2), 7.36 (s, 2H, H1), 3.97 (t, J = 6.1 Hz, 
2H, H4), 2.83 (t, J = 7.2 Hz, 2H, H9), 2.31 (s, 3H, H10), 2.08 (s, 6H, H3), 1.70 (m, 2H, H5), 
1.52 (m, 2H, H8), 1.41–1.35 ppm (m, 4H, H6,7) 
13C NMR (125 MHz, DMSO-d6): d = 195.2, 169.3, 167.3, 151.4, 95.3, 67.5, 30.5, 28.9, 28.2, 
28.1, 27.7, 24.8, 24.0 ppm 
 
6-chlorohexan-1-amine (11) (as a HCl salt) 
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To a stirred solution of 6- aminohexan-1-ol (3.0 g, 25.59 mmol) in 4 mL of chloroform 
thionylchloride was added (1.98 mL, 25.59 mmol) at 0 °C. The reaction mixture was stirred 
for 3 h under dry conditions. The excess of solvent was removed by distillation. The crude 
product was triturated with ether. A brown colored solid product was obtained as a 
hydrochloride salt of compound 11. 
Molar mass: 171.85 g/mol (hydrochloride salt) 
Yield: 4.08 g, 93%  
1H NMR (500 MHz, CDCl3): d = 8.21 (s, 3H, H1), 3.47 (t, J = 6.5 Hz, 2H, H2), 2.95 (t, J = 8.0 
Hz, 2H, H7), 1.77–1.70 (m, 4H, H3,6), 1.46-1.36 ppm (m, 4H, H4,5)  
13C NMR (125 MHz, CDCl3): d = 45.2, 38.5, 31.8, 26.7, 25.8, 25.0 ppm. 
 
tert-Butyl 6-chlorohexylcarbamate (12) 
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To a solution of 11 (0.5 g, 2.96 mmol) in 5 mL of THF and 3 mL of methanol, triethylamine 
(0.41 mL, 2.96 mmol) and di-tert-butyl dicarbonate (0.63 g, 2.96 mmol) were added at room 
temperature. The reaction mixture was carried out at 40 °C for 3 h under dry conditions. After 
the mixture was cooled to room temperature, the excess of THF and methanol was removed 
under reduced pressure. The residue was dissolved in 100 mL of ethyl acetate and washed 
with water and brine. The organic phase was dried over Na2SO4 and concentrated to give 
compound 12 as light yellow oil.  
Molar mass: 235,76 g/mol  
Yield: 0.663 g, 83.33% 
1H NMR (500 MHz, CDCl3): d = 4.44 (br, 1H, H1), 3.46 (t, J=6.7 Hz, 2H, H7), 3,05 (m, 2H, 
H2), 1.70 (m, 2H, H6), 1.45-1.35 (m, 4H, H3,5), 1.37 (s, 9H, H8), 1.33 (m, 2H, H4) 
13C NMR (125 MHz, CDCl3): d = 155.3, 77.2, 59.6, 45.2, 31.9, 28.2, 25.9, 25.4 ppm 
 
tert-Butyl (6-((2,6-diacetamidopyridine-4-yl)oxy)hexyl)carbamate (13) 
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To a stirred solution of 6 (1.0 g, 3.10 mmol) in 15 mL of DMF, K2CO3 (1.71 g, 12.42 mmol) 
and 12 (0.8 g, 3.41 mmol) were added at room temperature. The reaction mixture was heated 
at 110 °C for 24 h under nitrogen atmosphere. After being cooled to room temperature, the 
reaction mixture was diluted with 150 mL of water and extracted thrice with EtOAc. The 
combined organic layers were dried over Na2SO4, concentrated, and purified by column 
chromatography (EtOAc/Hexane = 3:1) using silica gel to give 13 as an off white solid.  
Molar mass: 408.50 g/mol  
Yield: 0.89 g, 71%  
1H NMR (500 MHz, DMSO-d6): d = 9.91 (s, 2H, H2), 7.36 (s, 2H, H1), 6.71 (s, 1H, H9), 3.97 
(t, J = 6.3 Hz, 2H, H3), 2.90 (m, 2H, H8), 2.09 (s, 6H, H11), 1.70 (m, 2H, H4), 1.45-1.37 (m, 
4H, H5,7), 1.37 (s, 9H, H10), 1.30 ppm (m, 2H, H6)  
13C NMR (125 MHz, DMSO-d6): d = 169.3, 167.3, 151.4, 95.3, 67.5, 29.2, 28.3, 28.2, 25.9, 
25.0, 24.0 ppm. 
 
tert-butyl (2,6-didodecanamidopyridin-4-yl) carbonate (14) 
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To a solution of 4 (0.5 g, 22.19 mmol) in 15 mL of CH2Cl2, triethyl amine (0.61 mL, 44.39 
mmol) and lauroyl chloride (1.28 mL, 55.49 mmol) were added sequentially at room 
temperature. The reaction mixture was stirred at room temperature for 1 h under nitrogen 
atmosphere. The crude was directly purified by column chromatography (EtOAc/hexanes = 
1:1) using silica gel without any workup to give 14 as a yellow solid. 
Molar mass: 589.87 g/mol 
Yield: 1.21 g, 93.54% 
1H NMR (500 MHz, CDCl3): d = 7.76 (s, 2H, H2), 7.65 (s, 2H, H1), 2.27 (t, 4H, H3), 1.62 (m, 
4H, H4), 1.48 ppm (s, 9H, H14) 1.33-1.12 (m, 32H, H5-12), 0.81 (s, 6H, H13) 
13C NMR (125 MHz, DMSO-d6): d = 171.9, 161.2, 150.1, 102.7, 84.4, 37.7, 31.9, 29.4, 27.5, 
25.1, 22.6, 14.0 ppm. 
 
N,N'-(4-hydroxypyridine-2,6-diyl)didodecanamide (15) (as TFA salt) 
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To a stirred solution of 14 (1.0 g, 16.97 mmol) in 8 mL of CH2Cl2, trifluoroacetic acid was 
added slowly at 0 °C. The reaction mixture was stirred for 3 h at room temperature under 
drying condition. The excess of solvent was removed under reduced pressure. The crude 
product was triturated with diethyl ether. The white solid obtained was filtered and dried 
under vacuum to give compound 15 as a TFA salt of the desired product.   
Molar mass: 603.15 g/mol 
Yield: 0.96 g, 93.84% 
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1H NMR (500 MHz, CDCl3): d = 10.65 (s, 2H, H2), 6.47 (s, 2H, H1), 2.48 (t, 4H, H3), 1.69 
(m, 4H, H4), 1.38-1.02 (m, 32H, H5-12), 0.81 (s, 6H, H13) 
13C NMR (125 MHz, DMSO-d6): d = 176.1, 172.6, 145.6, 95.5, 37.0, 31.9, 29.4, 24.6, 22.6, 
14.1 ppm.  
 
tert-butyl (6-((2,6-didodecanamidopyridin-4-yl)oxy)hexyl)carbamate 
(16) 
1113151719
12 12 14 16 18
1917151311
10
11
N
O
N N
H
O
N
H
O
O
O
H
2 2
1018 16 1420 20
3
4
5
6
7
8
9
1010
10
 
 
To a stirred solution of 15 (8.0 g, 13.26 mmol) in 150 mL of DMF, K2CO3 (9.16 g, 66.32 
mmol) and 12 (3.11 g, 13.21 mmol) were added at room temperature. The reaction mixture 
was heated at 110 °C for 24 h under nitrogen atmosphere. After being cooled to room 
temperature, the reaction mixture was diluted with 150 mL of water and extracted thrice with 
EtOAc. The combined organic layers were dried over Na2SO4, concentrated, and purified by 
column chromatography (EtOAc/Hexane = 3:1) using silica gel to give 16 as a white solid.  
Molar mass: 689.04 g/mol  
Yield: 8.5 g, 92.99%  
1H NMR (500 MHz, CDCl3): d = 7.95 (s, 2H, H2), 7.44 (s, 2H, H1), 4.48 ppm (s, 1H, H9), 
3.97 (t, 2H, H3), 2.43 (t, 4H, H11), 1.70 (m, 2H, H4), 1.63 (m, 4H, H12), 1.55 (m, 4H, H5,7), 
1.46-1.34 (m, 16H, H13,14,19,20), 1.34-1.12 (m, 18H, H15-18,6), 0.8 (s, 6H, H21)  
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N,N'-(4-((6-aminohexyl)oxy)pyridine-2,6-diyl)didodecanamide (17) 
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To a stirred solution of 16 (4.0 g, 5.80 mmol) in 25 mL of CH2Cl2, trifluoroacetic acid was 
added slowly at 0 °C. The reaction mixture was stirred for 3 h at room temperature under 
drying condition. The excess of solvent was removed under reduced pressure. The crude 
product was neutralized with a saturated NaHCO3 solution. The whole aqueous part was 
evaporated and the solid obtained was stirred with a mixture of MeOH/EtOAc (20 mL, 1:5) 
for 30 minutes. The solution was filtered and the filtrate was dried over Na2SO4 and 
concentrated to give compound 17 as an off white solid.  
 Molar mass: 588.93 g/mol  
 Yield: 2.89 g, 84.75%  
1H NMR (500 MHz, CDCl3): d = 7.61 (s, 2H, H2), 7.42 (s, 2H, H1), 6.82 ppm (bs, 2H, H9), 
3.92 (t, 2H, H3), 2.27 (t, 4H, H10), 1.63 (m, 8H, H4,7,11), 1.45-1.03 (m, 36H, H12-19,5,6), 0.8 (s, 
6H, H20) 
13C NMR (125 MHz, DMSO-d6): d = 171.8, 168.8, 150.4, 96.2, 68.0, 39.8, 37.9, 31.8, 29.3, 
28.2, 27.4, 25.1, 22.5, 14.0 ppm.  
 
N,N'-(4-(heptyloxy)pyridine-2,6-diyl)didodecanamide (18) 
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To a stirred solution of 15 (0.56 g, 1.12 mmol) in 10 mL of DMF, K2CO3 (0.773 g, 5.65 
mmol) and 1-bromohexane (0.203 g, 1.23 mmol) were added at room temperature. The 
reaction mixture was heated at 110 °C for 24 h under nitrogen atmosphere. After being cooled 
to room temperature, the reaction mixture was diluted with 30 mL of water and extracted 
thrice with EtOAc. The combined organic layers were dried over Na2SO4, concentrated, and 
purified by column chromatography (EtOAc/Hexane = 1:1) using silica gel to give 18 as a 
white solid.  
Molar mass: 573.91 g/mol 
Yield: 0.398 g, 74.80%  
1H NMR (500 MHz, CDCl3): d = 7.53 (s, 2H, H2), 7.49 (s, 2H, H1), 4.04 (t, 2H, H3), 2.34 (t, 
4H, H9), 1.71 (m, 6H, H4, 10), 1.49-1.16 (m, 36H, H11-18, 5, 6, 7), 0.88 (s, 9H, H19, 8)  
13C NMR (125 MHz, DMSO-d6): d = 171.5, 169.1, 150.1, 96.1, 68.3, 37.8, 31.8, 29.3, 28.8, 
25.2, 22.4, 13.9 ppm.  
 
Synthesis of P24a (conversion of P20 with 10% aq. NH3 and 90% hexyl 
amine) 
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To a solution of P20 (0.5g, 3.29 mmol) in THF, M17 (0.191g, 0.33 mmol) was added drop 
wise in an autoclave vessel. It was stirred for 30 minutes at room temperature under nitrogen 
atmosphere. To it hexyl amine (0.295g, 2.91 mmol) was added slowly and was stirred at 
140°C 10 hours. After completion the reaction mixture was precipitated from hexane and 
filtered. The residue was dried to give polymer P24a as a dark yellow solid. 
Yield: 0.6g, 64.37% 
1H NMR (500 MHz, DMSO-d6): d = 8.71 (Ha), 7.55 (Hb), 5.48 (Hc), 4.01 (Hd), 3.39 (He), 2.55 
(Hf), 2.39 (Hg), 1.29 (Hh), 0.88 (Hi) 
DSC (Tg): 15 °C 
IR bands (cm-1): 3306; 2926, 2856; 1772; 1691; 1580; 1435; 1399; 1345; 1233; 1170; 1136; 
1082; 972; 834; 723.  
 
Synthesis of P25 (conversion of P20 with 30% aq. NH3 and 70% hexyl 
amine) 
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To a solution of P20 (2.0g, 12.97 mmol) in THF, aq. NH3 (0.291mL, 3.89 mmol) was added 
drop wise in an autoclave vessel. It was stirred for 30 minutes at room temperature under 
nitrogen atmosphere. To it hexyl amine (1.2mL, 9.07 mmol) was added slowly and was 
stirred at 140°C 10 hours. After completion the reaction mixture was precipitated from 
hexane and filtered. The residue was dried to give polymer P25 as a dark yellow solid. 
Yield: 1.8g, 65.45% 
DSC (Tg): 40 °C 
IR bands (cm-1): 3211; 2927; 2857; 1771; 1689; 1435; 1399; 1345; 1245; 1170; 1136; 1083; 
972; 770. 
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